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Maëlle Connan a,*, Vonica Perold b, Ben J. Dilley b, Christophe Barbraud c, Yves Cherel c, Peter 
G. Ryan b 

a Marine Apex Predator Research Unit, Institute for Coastal and Marine Research, Department of Zoology, Nelson Mandela University, Port Elizabeth, South Africa 
b FitzPatrick Institute of African Ornithology, DSI-NRF Centre of Excellence, University of Cape Town, Rondebosch, South Africa 
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A B S T R A C T   

Marine litter has become a global issue with ‘garbage patches’ documented in all ocean gyres. The Pacific and 
Atlantic garbage patches have been well described, but there are few empirical data for the Indian Ocean. In the 
austral summer 2019–2020, we conducted an at-sea survey of macro-litter in the rarely investigated south-west 
Indian Ocean. Over 24 days, 1623 man-made items were observed including plastic fragments, packaging and 
fishing-related items during 216 h of observations covering 5464 km. More than 99% of the litter items were 
plastics of which almost 60% were white. Floating litter was patchily distributed with only five items (0.2%) 
recorded south of 40◦S (0.1 items⋅km-2). Half of the items were encountered over a two-day period south-east of 
Madagascar (30◦S; 59–67◦E; 75.2 items⋅km-2). Our survey detected an accumulation of litter in the southern 
Indian Ocean and demonstrated that this area warrants more research.   

1. Introduction 

Since the invention of plastics in the early 1900s and the mass pro-
duction that began at the end of World War II, plastics are now parts of 
everyone's everyday life. Their properties such as strength, durability, 
ease of manufacture, impermeability, light-weight and relatively low 
cost (Law, 2017) make plastics the material of choice in a wide range of 
uses. Annual plastic production has increased tremendously to reach 
368 million tons in 2019 (Plastics Europe, 2020). This increased pro-
duction has been accompanied by an increase in plastic pollution 
(Borrelle et al., 2020) with about 80% of produced plastics ending up in 
landfills or in the environment (Geyer et al., 2017). The durability of 
plastic items allows them to persist for decades, breaking down into 
increasingly smaller pieces through physical abrasion and/or photo-
degradation (Barnes et al., 2009). The latest estimates suggest that a 
minimum of 5.25 trillion pieces of plastics are floating at the surface of 
the World's oceans, weighing ~250 000 t (Eriksen et al., 2014; Van 
Sebille et al., 2015). 

Most marine litter is composed of plastic items (e.g. Galgani et al., 
2015) and comes from both land-based and maritime sources (Law, 2017). 
Once in the marine environment, the fate of plastics can be diverse but 

items of neutral and positive buoyancy are driven by winds and currents to 
concentrate in particular areas of the oceans, the so-called ‘garbage 
patches’ (Van Sebille et al., 2020). Garbage patches have been identified in 
all mid-ocean gyres with the ones in the Pacific exhibiting the highest litter 
densities recorded (reviewed in Ryan, 2013). The garbage patches in the 
Pacific and Atlantic oceans have been well identified and studied using 
empirical data and models (e.g. Moore et al., 2001; Ryan, 2014; Van 
Sebille et al., 2015). However, surprisingly few studies have focused on the 
Indian Ocean, despite the worst country polluters bordering that ocean 
(Jambeck et al., 2015; Law et al., 2020; Lebreton et al., 2017). Visual 
surveys highlighted much higher litter densities in the Strait of Malacca 
than in the Bay of Bengal in the northeast Indian Ocean (Eriksen et al., 
2014; Ryan, 2013), and very low occurrences of macro-litter in the Indian 
Ocean sector of the Southern Ocean (Suaria et al., 2020). To our knowl-
edge, no other visual observation surveys of macro-litter have been con-
ducted in the Indian Ocean. A global circulation model built from drifter 
data highlighted a probable accumulation of litter in all ocean gyres, 
including in the Indian Ocean (Van Sebille et al., 2012). Later, models 
coupling oceanographic models with plastic data collected by nets during 
two cruises in 2010–2011 (Cózar et al., 2014; Eriksen et al., 2014) iden-
tified an accumulation zone around 30◦S in the Indian Ocean (Eriksen 
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et al., 2014; Van Sebille et al., 2015). Observations of Asian litter on 
western Indian Ocean islands (Bouwman et al., 2016; Duhec et al., 2015) 
and on the eastern African coast (Ryan, 2020, Ryan et al., in revision) 
suggest long distance transport of macro-litter across the Indian Ocean in 
the South Equatorial Current. Considering the oceanographic (including 
wave-induced Stokes drift; Dobler et al., 2019) and wind patterns over the 
area with the existence of a gyre (Stramma and Luthjeharms, 1997), it is 
thus likely that some of these long distance macro-litter get trapped in the 
gyre, eventually forming a garbage patch of macro-litter (Eriksen et al., 
2014; Van der Mheen et al., 2019; Van Sebille et al., 2012). 

The United Nations signed a resolution in March 2019 to fight ocean 
plastic waste by revolutionizing the production, use, recycling and dis-
carding of plastics (UNEP, 2019). Innovative solutions are being developed 
to tackle plastic pollution (Dijkstra et al., 2020; Schmaltz et al., 2020), and 
oceanographic models have highlighted where actions should be priori-
tized (Sherman and Van Sebille, 2016). However, even if changes are 
implemented rapidly and effectively, it is likely plastics will continue to 
pollute aquatic environments for many years due to their long-life spans 
and their current ubiquity in all environments (Lebreton et al., 2019). 
Further, there is currently a mismatch between the amount of plastics 
estimated to be released in the marine environment (19–23 million metric 
tonnes; Borrelle et al., 2020) and the low estimated amount of floating 
plastics at sea (0.09–0.27 million metric tonnes; Eriksen et al., 2014; Van 
Sebille et al., 2015). As acknowledged by Borrelle et al. (2020), the com-
plex interactions in the coastal environments make it difficult to predict 
accurately the litter inputs into the oceans. Empirical data are therefore 
needed to refine the estimates of plastics going to sea (e.g. Ryan et al., 
2020), but also of plastics floating at sea and in the water column to help 
resolve the conundrum of the ‘missing plastics’. Here, we report on the 
density of macro-litter observed directly at sea during the summer voyage 
supplying the French Southern and Antarctic territories. A simple size and 
distance-based sampling protocol (Ryan, 2013) was used to assess distri-
bution, abundance and composition of marine debris. We also compare the 
distribution pattern of macro-litter observed with distribution models in 
the surveyed area (Chenillat et al., 2021; Cózar et al., 2014; Eriksen et al., 
2014; Van Sebille et al., 2012, 2015). 

2. Materials and methods 

2.1. Study area 

In the austral summer 2019–2020, floating anthropogenic (e.g. plastics, 
ropes, worked wood) and natural debris (seaweeds, terrestrial vegetation) 
were counted from the R.V. Marion Dufresne II during the resupply voyage 
to the French Southern and Antarctic Territories. The ship left Saint Denis 
(La Réunion, France; 20.87◦S, 55. 45◦E) on 10 December 2019 and trav-
elled via Possession Island in the Crozet Archipelago (46.40◦S, 51.77◦E) to 
arrive at the Kerguelen Archipelago (49.33◦S, 69.33◦E) on 18 December 
2019 (Fig. S1). The return voyage followed the track of a yearly oceano-
graphic cruise happening since 1998 (Metzl, 1998). We left Kerguelen on 
20 January 2020 heading north past Amsterdam Island (37.83◦S, 77.55◦E), 
before turning west to arrive in Durban (South Africa; 29.88◦S, 31.05◦E) on 
4 February 2020 (Fig. S1). The surveyed area crossed three major lat-
itudinal oceanographic fronts (Sub-Tropical, Sub-Antarctic and Antarctic 
Polar fronts) and one strong poleward current (the Agulhas Current, east of 
southern Africa). The survey thus encompassed four water masses: sub- 
tropical (north of the Sub-Tropical Front), sub-Antarctic (between Sub- 
Tropical and Sub-Antarctic fronts), polar frontal zone (between Sub- 
Antarctic and Antarctic Polar fronts) and Antarctic waters (south of the 
Antarctic Polar Front) (Fig. S1). Absolute dynamic topography (http://m 
arine.copernicus.eu) was used to define the positions of the fronts at the 
time of the survey (December 2019 – February 2020) using the following 
values: Sub-Tropical Front +0.23 m, Sub-Antarctic Front -− 0.10 m, Ant-
arctic Polar Front -− 0.62 m (Barré et al., 2011; Park et al., 2019). To 
investigate the influence of oceanographic patterns on litter densities, the 
surveyed area was divided into four legs of similar length: inbound north of 

the Sub-Tropical Front (leg 1), south of the Sub-Tropical Front (sub-Ant-
arctic and Antarctic waters, leg 2), outbound north of Sub-tropical Front 
until meandering of the ship ends (leg 3), and straight line heading west at 
30◦S (leg 4; Fig. S1). This delimitation was chosen because of the close 
proximity of the Sub-Tropical and Sub-Antarctic fronts in the surveyed area 
(Fig. S1), the relatively low survey effort south of the Antarctic Polar Front, 
and the low density of macro-litter recorded in sub-Antarctic and Antarctic 
waters (Suaria et al., 2020). 

Throughout the survey, environmental data (sea surface temperature, 
wind strength recorded as knots from the ship anemometer and trans-
formed into Beaufort categories, and sea state as Beaufort categories; 
Table S1) were recorded mostly at the start of each hour of daylight as part 
of the concurrent long-term seabird observations (Péron et al., 2010). The 
average speed of the ship was 13.1 knots (3.3–17.1 knots; with 95% of 
observations conducted when the ship was travelling between 11.1 and 
16.9 knots). 

2.2. Observations of anthropogenic and natural debris at sea 

Observations were conducted throughout the day from sunrise to 
sunset while the ship was underway. On the return leg, observations were 
spaced by oceanographic stations when the ship was stationary for several 
hours. Two observers (MC and BD) in rotating slots of about 3 h conducted 
all observations from the bridge wing or from the deck above the bridge 
(12–15 m above sea-level). Only debris on one side of the bow was 
counted, selecting the side that offered the best viewing conditions (e.g. 
least sun reflection, bow wave, etc.) at the start of the shift (Ryan, 2013). 
All debris detected within 50 m of the ship's track (perpendicular distance 
estimated at sea using the length reference between the bow and the 
bridge) was counted. Macro-litter was detected with the naked eye and 
identification was helped with binoculars. For each litter item detected we 
recorded a GPS position, the buoyancy (whether it protruded above the 
surface, was just subsurface or underwater), the colour (black, blue, 
brown, clear, green, grey, opaque, orange, pink, red, white, yellow), and 
we estimated the size in comparison to known items (e.g. bottles, lids). 
Debris items were classified into four size categories according to the 
longest length: (1) 1–5 cm, (2) 5–15 cm, (3) 15–30 cm, (4) > 30 cm (Ryan, 
2013); and minimum item size was approximately 1 cm2 although 
detection rate of such small items was likely low (Ribic et al., 1992). Each 
plastic item was attributed a function (packaging, fishing/boating, user 
items, plastic fragment 1–5 cm, plastic fragments >5 cm) and placed into a 
category (adapted from Ryan, 2013). The Bottles category included all 
plastic bottles from various uses such as polyethylene terephthalate (PET) 
bottles (e.g. water, cooldrink) but also high density polyethylene (HDPE) 
bottles (e.g. shampoo, motor oil, medicine, detergent, canister). The 
category Tubs included tubs used in cosmetics as well as yogurt tubs. 
Other packaging included packaging strips, tape and toothpaste/oint-
ment. In the Fishing/boating category, fishing line and jigs were classified 
as Other fishing gear. The distinction between ropes and strings was 
arbitrary and based on their diameters: string <1 cm, rope >1 cm. In the 
category User items, Cosmetics included ear buds as well as toothbrushes. 
Other user items included items such as lighters, spoons, and a hanger. In 
addition, all non-plastic anthropogenic items were assigned to one of the 
following categories: glass bottles, light bulbs, aerosols, cardboard/paper, 
worked wood and other (electric circuit). 

2.3. Data analysis 

GPS positions were recorded at the start and end of each litter 
observation shift, for each litter/seaweed item observed as well as 
regularly throughout the shifts. The ship's trajectory for each of the four 
legs was rediscretized in 10-min intervals using the package adehabi-
tatLT (Calenge, 2006). Then, to ensure comparable data with published 
studies on ocean litter patches (e.g. Ryan, 2014), legs were rediscretized 
in 50-km transects (package adehabitatLT), each lasting roughly 2 h. 
Densities D of litter/seaweeds along the 50-km transects were estimated 
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as D = n / (w x L) where n is the number of litter items or seaweeds, w the 
maximum distance perpendicular to the transect (i.e. 0.05 km), and L 
the total length of the transect (i.e. 50 km). Transects that were anom-
alously short, often at the end of the day, were discarded when densities 
were calculated (transect <40 km; 11% by length of all transects; n = 93 
50-km transects kept). Debris detection decreases with item size as the 
perpendicular distance transect increases (Ryan, 2013, 2014; Ryan 
et al., 2014). Thus, detection correction factors were also applied to the 
four size classes of litter items (1–5 cm: x 2.7, 5–15 cm: x 1.8, 15–30 cm: 
x 1.4, > 30 cm: 1.3; Suaria et al., 2020) to estimate corrected litter 
densities. Unlike for litter items, no correction factor was applied for the 
seaweeds, and observed densities are being used throughout. 

Environmental and corrected density data were first analysed at the 
coarse scale of the four legs. All parameters failed the Shapiro-Wilk 
normality test, with density data being right-skewed whereas sea tem-
peratures were left-skewed. Kruskal-Wallis tests followed by Dunn post- 
hoc tests with p-values adjusted with the Holm method were thus used 
to compare environmental and corrected density data among legs. 
Generalized additive models (GAMs) were used to identify whether cor-
rected litter densities were associated with particular geographical areas 
and environmental factors (package gam; Hastie, 2020). First, a GAM was 
run with the environmental factors (sea states, wind conditions, sea sur-
face temperatures and interaction sea states:wind conditions) included as 
additive terms with the latitude and longitude coordinates added as a 
smoothed, interaction term to account for spatial autocorrelation. Second, 
the nonlinear effect of geographical coordinates on litter densities was 
observed with a new GAM by including a smoothed term separately for 
latitude and for longitude in the model. Corrected litter densities were 
transformed beforehand using y’ = log (y + 1). These GAMs were then 
conducted on each of the four size categories. 

Considering the spatial distribution of the litter data, an additional 
analysis was conducted only using data recorded during the fourth leg (n 
= 31 50-km transects) to determine whether the survey crossed an 
accumulation zone or whether litter was evenly distributed along the leg. 

In this case, a GAM was run with sea state, wind condition, their inter-
action, sea surface temperatures and longitude as explanatory variables. 
Latitude was omitted in the model because the ship headed directly west 
(latitude mean ± SD = 29.94 ± 0.05◦S). As before, plastic density data 
were log transformed beforehand and the model was run on each size 
category as well as on the total litter items recovered. 

All analyses were run within the R environment (R Core Team, 2020). 

3. Results 

3.1. Large scale densities of marine litter and seaweeds 
Over the 24 days at sea, 5464 km were surveyed during 216 h of ob-

servations. A wide range of sea and wind conditions were encountered 
(Table 1), with differences in sea states (Kruskal-Wallis χ2 = 87.48, df = 3, 
P < 0.001) and wind conditions (χ2 = 88.80, df = 3, P < 0.001) among the 
four legs. Overall, the fourth leg exhibited significantly lower wind con-
ditions (Dunn post-hoc tests, all P < 0.001) and calmer seas (all P < 0.001) 
than the other three legs (Fig. S2). A total of 1623 man-made items and 
247 seaweeds were recorded as well as 5 pieces of terrestrial vegetation (2 
in leg 1 and 3 in leg 4). Floating litter was patchily distributed with only 
five items (0.2%) recorded south of the Sub-Tropical Front (leg 2: 0.1 
items⋅km-2; Fig. 1). Most items (50%) were encountered over two days 
(30–31 January 2020) southeast of Madagascar (30◦S; 59–67◦E; 
maximum density over a 50-km transect: 75.2 items⋅km-2). Litter densities 
per 50-km transect differed among legs (χ2 = 63.86, df = 3, P < 0.001) 
with lower densities recorded in leg 2 than for the three other legs (all P <
0.003), and higher densities in leg 4 than all other legs (all P < 0.018) 
(Fig. 2). Seaweed densities also differed among legs (χ2 = 30.155, df = 3, 
P < 0.001) with legs 2 and 3 exhibiting higher densities than leg 1 (both P 
< 0.032). Seaweed types differed regionally, with kelps Macrocystis pyr-
ifera and Durvillaea antarctica being observed in the southern waters (leg 
2), sargassum-like seaweeds in the tropical waters east of Amsterdam and 
St Paul islands (leg 3), and sponge-like algae on the last 2 days of the 
survey as we approached the South African coast. 

Table 1 
Details of the litter survey conducted in the south-western Indian Ocean in December 2019 – February 2020 including the observed numbers of seaweeds and the 
observed and corrected numbers of litter items using the correction factors given in Suaria et al. (2020). Densities in parentheses for leg 3 correspond to maximum 
densities calculated without the last transect on that leg. Four size categories were considered (1–5 cm, 5–15 cm, 15–30 cm, > 30 cm).   

North Sub-Tropical Front South Sub-Tropical Front All 

Leg 1 Leg 3 Leg 4 Leg 2 

Transect length (km) 895 1624 1641 1304 5464 
Transect duration (h) 32.4 72.4 66.7 44.7 216.3 
Number of 50-km transects 14 27 31 21 93 
Average ± SD sea surface temperature (◦C) 21.5 ± 4.1 17.2 ± 4.3 24.2 ± 1.6 6.4 ± 2.5 17.8 ± 6.9 
min - max sea surface temperature (◦C) 14.4–27.0 4.9–21.6 21.3–27.3 4.3–12.8 4.3–27.3 
min - max wind categories 5–8 3–8 1–6 3–7 1–8 
min - max sea state categories 3–5 2–7 1–5 4–5 1–7  

Observed litter items 
Total litter items 133 321 1164 5 1623 
Average density of all litter items (items⋅km-2) 2.97 3.95 14.19 0.08 5.94 
min - max densities in 50-km transects (items⋅km-− 2) 0.40–5.82 0.0–49.20 (6.40) 1.20–75.20 0.0–0.80 0.0–75.20 
Average density of 1–5 cm in 50-km transects (items⋅km-− 2) 0.62 2.28 7.39 0.02 3.21 
Average density of 5–15 cm in 50-km transects (items⋅km-− 2) 1.06 0.94 3.51 0.02 1.60 
Average density of 15–30 cm in 50-km transects (items⋅km-− 2) 1.16 0.42 1.58 0.00 0.82 
Average density of >30 cm in 50-km transects (items⋅km-− 2) 0.49 0.19 2.16 0.04 0.86  

Corrected litter items 
Total litter items 239.3 715.4 2495.8 8.4 3458.9 
Average density of all litter items (items⋅km-2) 5.35 8.81 30.42 0.13 12.66 
min - max densities in 50-km transects (items⋅km-− 2) 0.56–11.65 0.0–121.24 (13.64) 2.36–168.76 0.0–1.24 0.0–168.76 
Average density of 1–5 cm in 50-km transects (items⋅km-− 2) 1.69 6.16 19.95 0.05 8.67 
Average density of 5–15 cm in 50-km transects (items⋅km-− 2) 1.91 1.69 6.32 0.03 2.88 
Average density of 15–30 cm in 50-km transects (items⋅km-− 2) 1.63 0.58 2.21 0.00 1.14 
Average density of >30 cm in 50-km transects (items⋅km-− 2) 0.63 0.25 2.80 0.05 1.11  

Observed natural items (seaweeds) 
Total natural items 1 68 29 149 247 
Average density of all natural items (items⋅km-2) 0.02 0.84 0.35 2.29 0.90 
min - max densities in 50-km transects (items⋅km-− 2) 0.0–0.40 0.0–4.4 0.0–7.20 0.0–15.60 0.0–15.6  

M. Connan et al.                                                                                                                                                                                                                                



Marine Pollution Bulletin 169 (2021) 112559

4

3.2. Characteristics of marine litter 

Overall, most litter was observed at the surface of the sea with only a 
few items completely submerged (only during leg 4) (Fig. 3A; Table S2). 
The size categories recorded in legs 3 and 4 were similar with items of the 
first size category (1–5 cm) comprising more than half of the items 
observed, followed by the second size category (5–15 cm; Fig. 3B; 
Table S2). In comparison, the sizes of litter items were more evenly spread 
during leg 1 (Fig. 3B). Almost 60% of litter items were white (Fig. 3C; 
Table S2), with little evidence of colour differences among legs, although 
the small number of items observed during leg 2 precludes any meaningful 
comparison with the other legs. The material was inferred for all but one 
litter item (an electric circuit), with plastic items representing 99.1% of all 

litter items (Table 2). Only 18 PET bottles (1% of all litter items) were 
observed during the whole survey, while 83 other bottles (mainly HDPE) 
were recorded. Most items that could be identified (i.e. excluding plastic 
fragments) were related to packaging (20% of items), followed by both 
maritime activities (fishing, boating) and user items (both 7%; Table 2). 
The only items observed south of the Sub-Tropical Front were a paper bag, 
a 10 L white bucket, part of a fishing tray and two white plastic fragments. 

3.3. Identification of a South Indian accumulation zone 
The GAM conducted on all 50-km transects showed that higher 

litter densities were detected in low wind conditions and calmer seas 
(Table 3A), with the geographic coordinates also having a significant 
effect on the litter densities (Table 3A; Fig. 4A). A non-linear effect 

Fig. 1. Positions of legs (↔: delimitation between legs) and corrected litter densities (number of items⋅km-2 along the 50-km surveyed transects classified per size 
categories (Ryan, 2013). Red crosses represents transects where no litter was observed. On the bottom panel, the purple box and the blue line represent the 
accumulation zone as per Chenillat et al. (2021) and the location of the Sub-Tropical Front, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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was detected for latitude and longitude with higher densities recorded 
in northern and eastern waters. Indeed, higher latitudes had a nega-
tive association with corrected litter densities, and the highest posi-
tive associations between latitude and corrected litter densities were 

observed around 30◦S (Fig. 4B). Regarding the association between 
longitude and corrected litter densities, a slight negative association 
was observed with the lowest longitudes, and an obvious positive 
association revealed around 60–70◦E (Fig. 4C). The model gave the 
same outcomes when the transects from leg 2 were removed; i.e. the 
influence of latitude was not solely linked to the Sub-Tropical Front 
acting as a barrier. Together, these analyses explained 87% of the 
variance of the log-transformed litter data. Similar results were ob-
tained when running these models for individual size categories of the 
litter (Table S3). In agreement, both the quantity of plastics and their 
characteristics suggested an accumulation area at the end of leg 3/ 
start of leg 4 (30–31 January; ~30◦S ~ 60–70◦E). Of all the small 
plastic fragments (< 5 cm) recorded during the survey, more than 62% 
were found in that 2-day period. About 79% of the small plastic 
fragments were white in all four legs (not including the data from the 
accumulation zone), while more than 82% of small plastic fragments 
were white in the accumulation zone, with the next dominant colours 
being yellow, light brown and blue (Fig. 3C). 

Confining the model to transects from leg 4 found that only longitude 
was significant, with higher litter densities being recorded farther east 
(Table 3B; Fig. 1). This model explained 68% of the variance observed in 
log-transformed litter densities. When running the GAM per size cate-
gory, longitude was identified as a structuring factor only for the smaller 
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category, with higher densities detected in the east (Table S4). The 
densities of litter items >15 cm were not influenced by any of the five 
factors considered in the model (all P > 0.081), but the relatively small 
sample size limited the power to detect significant patterns in these 
larger items. 

4. Discussion 

Using an opportunistic visual survey, an accumulation zone was 
observed in the south-western Indian Ocean. Over the 5464 km sur-
veyed, most observed items that could be identified (i.e. excluding the 
plastic fragments) were made of plastic and were linked to packaging 
(e.g. bottles, lids). The study provides the first empirical macro-litter 
data for the modelled southern Indian Ocean debris accumulation 
zone (Van der Mheen et al., 2019), and further confirms the low 
abundance of floating macro-litter in the Southern Ocean with the Sub- 
Tropical Front acting as its northern physical barrier (Ryan et al., 
2014; Suaria et al., 2020). 

4.1. Spatial distribution of marine litter in the Indian Ocean 

Over the whole survey, the average density detected in the southern 
Indian Ocean (5.9 and 12.6 items⋅km-2 for observed and corrected litter, 
respectively) lies in the range of most densities observed globally (Ryan, 
2013). Unfortunately, very few data exist for comparison locally. No visual 

transect of macro-litter was combined with the two net samplings con-
ducted in the area north of the Sub-Tropical Front (Cózar et al., 2014; 
Eriksen et al., 2014), making the direct comparison of densities impossible. 
Net sampling rarely samples items >2 cm, whereas visual surveys fail to 
record smaller items (Ribic et al., 1992; Titmus and Hyrenbach, 2011). In 
their modelled distribution, Eriksen et al. (2014) separated macro-litter in 
two classes: 4 mm to 20 cm, and > 20 cm. Their lowest size thus included 
items smaller than our observations from the ship (> 1 cm2); it is therefore 
not surprising that their modelled density for the sum of their two classes 
(> 1000 pieces⋅km-2) is higher than our estimates (highest corrected litter 
densities: 169 items⋅km-2). 

We chose to delimitate the whole survey into four legs and divided the 
zone as north and south of the Sub-Tropical Front. The observations of 
macro-litter were patchy over the survey with most macro-litter being 
observed at the end of leg 3/start of leg 4, south-east of Madagascar, with 
50% of litter observed over a two-day period (Fig. 1). On the contrary, 
only 0.2% of observed items were recorded south of the Sub-Tropical 
Front (0.08 and 0.13 items⋅km-2 for observed and corrected density, 
respectively; Table 1). The very low number of items recorded may be 
explained in part by the rougher environmental conditions encountered 
(Fig. S2B), deteriorating the viewing conditions and potentially increasing 
the vertical mixing of litter items in the mixing layer; though this mixing 
has only been shown for small particles (Reisser et al., 2015) and not yet 
macro-litter. However, the paucity of litter items in the Southern Ocean is 
not new with most surveys recording substantially fewer items than in the 
other oceans. The only macro-litter survey south of the Sub-Tropical Front 
in the Indian Ocean conducted during the Antarctic Circumnavigation 
Expedition (Suaria et al., 2020) identified very few items floating at the 
surface either in the sub-Antarctic zone or south of the Antarctic Polar 
Front. Their concurrent sampling for micro-plastics revealed that most 
sampling nets were free of micro-plastics with only very localized micro- 

Table 2 
Composition of floating anthropogenic debris items observed in the south- 
western Indian Ocean during the 2019/20 austral summer (see text for the 
definition of the categories).   

North Sub-Tropical 
Front 

South Sub- 
Tropical 
Front 

All 

Leg 
1 

Leg 
3 

Leg 4 Leg 2 

All plastic items  128  319  1157  4  1608 
Packaging  43  57  221  0  321 

Bottles  21  25  72   118 
Canisters  1  2  18   21 
Drums    5   5 
Polystyrene box    2   2 
Bags  2   3   5 
Food wraps  1   4   5 
Tubs  4  3  10   17 
Lids/lid-rings  11  16  89   116 
Other packaging  3  11  18   32 

Fishing/boating  11  17  90  1  119 
Ropes/nets   4  60   64 
Floats  3  6  10   19 
Trays/crates  7   12  1  20 
Other fishing gear  1  7  8   16 

User items  16  12  90  1  119 
Buckets  5  6  24  1  36 
Flip-flops/hat   1  2   3 
Cosmetics    26   26 
Tubing  9  1  14   24 
Strings  1  3  16   20 
Other user items  1  1  8   10 

Plastic fragments 1–5 cm  26  159  532  1  718 
Plastic fragments > 5 cm  32  69  219  1  321 
Others   5  5   10 

All non-plastic items  5  2  7  1  15 
Glass bottles  1  1  1   3 
Light bulb    1   1 
Aerosol (metal)   1    1 
Cardboard/paper  2    1  3 
Wood  2   4   6 
Other (electric circuit)    1   1 

Total (all artefacts)  133  321  1164  5  1623  

Table 3 
Outcomes of the generalized additive models (GAMs) conducted on all 50-km 
transects (A) and 50-km transects of leg 4 (B) showing the effect of environ-
mental parameters and geographic coordinates on corrected litter densities.  

Models t or F- 
statistic 

p- 
Value 

Result 

A) Comparison of all 50-km transects (n = 93) 
a- Density ~ s(Long, Lat) + Wind + Sea + SST + Wind * Sea 
Parametric coefficients    

Wind conditions -3.116 0.003 Higher in lower wind 
speed conditions 

Sea states -− 2.017 0.047 Higher in calmer waters 
Sea surface 
temperature 

1.371 0.175 ns 

Wind:Sea states 1.823 0.072 ns 
Appr. significance of 

smooth terms    
s(Longitude, Latitude) 4.841 < 

0.001  
b- Density ~ s(Long) + s 

(Lat)    
Appr. significance of 

smooth terms    
s(Longitude) 4.804 < 

0.001 
Higher in eastern waters 

s(Latitude) 34.205 < 
0.001 

Higher in northern waters  

B) Comparison of 50-km transects on leg 4 (n = 31) 
Density ~ s(Long) + Wind + Sea + SST + Wind * Sea 
Parametric coefficients    

Wind conditions 1.830 0.079 ns 
Sea states 1.488 0.149 ns 
Sea surface 
temperature 

-0.375 0.711 ns 

Wind:Sea states -1.947 0.063 ns 
Appr. significance of 

smooth terms    
s(Longitude) 6.817 0.015 Higher in eastern waters  
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plastic concentrations reflecting the patchy distribution of small plastic 
pieces at the scale of individual net tows (Suaria et al., 2020). The area of 
the Southern Ocean where plastic pollution has been found in higher 
densities lies around the Antarctic Peninsula (Lacerda et al., 2019). The 
composition of the litter showed that it differed from the open seas of the 
Southern Ocean and that it mostly originated from fishing, tourism and 
research activities. Based on all various survey data acquired since the 
1980s, harmonized monitoring programmes are now being developed 
within the framework of the Antarctic Treaty about plastic pollution that 
will help into tracking, mitigating and reducing the impact of plastic 
pollution in the Southern Ocean (Eriksen et al., 2020; Waluda et al., 2020; 
Zhang et al., 2020). 

Concurrently to litter, we also recorded seaweed presence. Sea-
weeds such as kelp provide an index of natural drifting as they are 
released from coastal areas before drifting away. The pattern of den-
sities observed during our survey is similar to the one in the South 
Atlantic with large kelp being observed south of the Sub-Tropical 
Front and with densities in the Indian portion of the Southern Ocean 
in similar ranges than the ones from the South Atlantic waters (Ryan, 
2014). In legs 3, the large kelps from sub-Antarctic islands were 
replaced by other brown macroalgae, i.e. Sargassum-type floating 
seaweeds. These were observed in the highest numbers east of 
Amsterdam and St Paul islands and close to the northern point of the 
survey where litter was found to also slightly accumulate (24–25 
January 2020). After several days of very low detection of macroalgae 
in leg 4, it increased slightly the last day of the survey as we 
approached the South African coast with a third type with a sponge- 
like consistency. 

4.2. Likely origins of macro-litter detected at sea 

None of the 1623 recorded items could be assigned to a country of 
origin but considering the function of the items as well as their buoyancy 
we can speculate on whether they originated from land or maritime ac-
tivities. Aside from plastic fragments, items linked to packaging and 
particularly caps and bottles were the most numerous litter items recorded 
followed by litter originating from fishing/shipping activities and user 

items (Table 2). Obvious litter of maritime origin linked to fishing activ-
ities included ropes/nets, fishing lines and trays. The accumulation zone 
accounted for 53% of ropes/nets recorded during the survey with half of 
them being observed as big clumps of several metres of entangled ropes 
beneath the sea surface. Only numbers were recorded in our study but in 
the Great Pacific Garbage Patch, lost or abandoned fishing gear was 
estimated to account for 52% of the mass of plastic (Lebreton et al., 2018). 
Both legal and illegal fishing happen in the area of the accumulation zone 
(Weimerskirch et al., 2020). Some gear may be lost accidentally, but 
illegal discards may also happen. The presence of a paper bag in the 
Southern Ocean indicates local inputs (although dumping of paper is not 
prohibited under the International Convention for the Prevention of 
Pollution from Ships, MARPOL). 

Despite foreign PET drinking bottles (water, cooldrink, juice) being 
found in high numbers among stranded litter at remote islands (Duhec 
et al., 2015) and in coastal zones of southern and eastern Africa (Ryan, 
2020; Ryan et al., in revision), very few PET bottles were observed 
during the survey (n = 18) compared to 83 HDPE bottles (e.g. cosmetic, 
motor oil, detergent, medicine, canister). The low PET:HDPE ratio on 
the open ocean compared to litter found on beaches (0.22 vs 2.56; Ryan 
et al., in revision) likely results from distinct migration behaviours 
depending on buoyancy and windage. Indeed, PET being denser than 
seawater will lead it to sink (Ryan, 2015), and therefore PET bottles 
need to be tightly closed to remain at the sea surface. When a bottle is 
tightly closed, its migrating behaviour will likely mostly depend on wind 
and waves until the cap works loose and let water enters. Once the 
process has started, it is unlikely that the PET bottle will migrate far and 
wide as it will start sinking. By comparison, HDPE is less dense than 
seawater (Andrady, 2015; Ryan, 2015), so HDPE bottles (and lids) can 
disperse long distances at the surface of the sea even when the lid is no 
longer present. Our observations in the open ocean reinforce the infer-
ence that illegal discards at sea from ships are responsible for most of the 
foreign PET bottles stranding along the African coast (Ryan, 2020; Ryan 
et al., in revision) and more broadly (Smith et al. 2018; Ryan et al., 
2019). It also supports the long distance travel of HDPE bottles and caps 
found on the east African coast (Ryan, 2020; Ryan et al., in revision). 

Therefore, the comparison of litter observed during the survey with 

Fig. 4. Generalized additive model plots of the significant geographical effect (A) on corrected litter densities, as well as significant nonlinear effects of latitude (B) 
and longitude (C) on the densities. Standard error is abbreviated as se. 
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the one identified as stranded in areas bordering the Indian Ocean 
suggests that litter observed during the survey comes from both local 
inputs (fishing-related items and other maritime litter) as well as long 
distance transport (e.g. HDPE bottles). The amount of foreign PET bot-
tles identified on the eastern African coast suggests dumping at sea in 
waters relatively close to the coast in contravention of the MARPOL 
convention. Tackling the problem of plastic pollution at sea thus re-
quires acting both on land to prevent obvious inputs from rivers and 
coastal areas but also at sea to enforce the MARPOL provisions and 
provide a better monitoring and control to ensure compliance by all 
vessels (Haward, 2018; Hwang, 2020). 

4.3. Support for a macro-litter garbage patch in the southern Indian 
Ocean 

Originally, drifter data associated to oceanographic circulation models 
identified a potential accumulation area in the south-western (Maximenko 
et al., 2012; Van Sebille et al., 2012) or south-eastern Indian Ocean 
(Lebreton et al., 2012). Similarly, later global circulation models informed 
with plastics data collected using nets north of the Sub-Tropical Front 
(Cózar et al., 2014; Eriksen et al., 2014) identified an accumulation zone 
either in the south-east or the south-west of the Indian Ocean (Eriksen 
et al., 2014; Van Sebille et al., 2015). The discrepancy in the location of 
the accumulation area was recently partly solved by Van der Mheen et al. 
(2019) who modelled the likely accumulation zones separately for 
undrogued or drogued drifter data. They suggested that plastic debris, 
which mostly floats within 1 m of the surface, should follow the behaviour 
of undrogued drifter and thus accumulate in the south-western (not south- 
eastern) Indian Ocean. The wave-induced Stokes drift (used to model the 
behaviour of undrogued drifter data in combination with uppermost 
surface ocean currents and windage; Van der Mheen et al., 2019) was 
shown to influence greatly the modelled distribution suggesting a south- 
western accumulation (Dobler et al., 2019). 

Peak litter densities were observed over a 2-day period (30–31 January 
2020) around 30–31◦S and between 59 and 67◦E (Figs. 1, 4). This area lies 
well within the accumulation zone inferred from undrogued drifter data 
(Van der Mheen et al., 2019). When reaching the eastern point of our 
survey (31.6◦S 83.2◦E; middle of leg 3), observed densities were about 10 
times smaller than during the peak densities further west (Fig. S2C). 
Interestingly, this accumulation zone corresponds to the border of the core 
accumulation zone identified by undrogued drifter data but still in the core 
accumulation zone predicted with drogued drifter data (Van der Mheen 
et al., 2019). West of the observed accumulation zone, we recorded litter 
all along leg 4, although at lower densities than the core accumulation 
(Fig. 1, Fig. S2C). These decreased densities were not predicted by the 
undrogued drifter model, which suggested that the accumulation zone 
continued up to the South African coast (Van der Mheen et al., 2019). The 
calm environmental conditions on 30–31 January compared to early 
February cannot fully explain this pattern, because calm conditions were 
also encountered in February (Fig. S2B). Interestingly, densities observed 
during leg 4 were generally higher than in a similar area covered during 
leg 1 (Fig. 1, Fig. S2C). A likely explanation is linked to the better envi-
ronmental conditions encountered during leg 4 with lower wind condi-
tions (Fig. S2B). Some vertical mixing may have played a role in lowering 
the detectable plastics at the sea surface (Reisser et al., 2015), particularly 
for the first two smaller size classes. Our data were collected during a single 
cruise; additional observations across broader environmental conditions, 
over a longer term and potentially in targeted areas would bring much 
needed information to predict adequately the southern Indian Ocean 
garbage patch. A way forward to better delineate the accumulation zone 
could be the combination of undrogued drifter data with connectivity 
between oceanic basins and estimations of plastic discharges along the 
coast (Chenillat et al., 2021). Indeed, a recent model combining the latter 
two factors with ocean currents has identified an accumulation zone cor-
responding better to the one we detected with empirical data (slightly 
elevated densities east of 60◦E; Chenillat et al., 2021). 

The litter density extrapolated at the garbage patch in our survey 
(corrected density: 169 items⋅km-2) is almost 40 times less dense than at 
the North Pacific garbage patch (6334 items⋅km-2, Titmus and Hyrenbach, 
2011) and about 25 times less than in the Straits of Malacca (4385 item-
s⋅km-− 2, Ryan, 2013), but almost three times more dense than the south 
Atlantic garbage patch (Ryan, 2014). For the latter however, the densities 
recorded only reflect the edge of the garbage patch and not the core zone of 
the patch where litter densities are likely to be considerably higher (Ryan, 
2014). The great difference between the densities observed in the core area 
of the patch between the southern Indian and the Pacific Oceans may 
result from two non-exclusive factors: a difference in litter inputs in each 
basin coupled with long-term evolution of the patch. Indeed, substantially 
higher inputs of plastics through rivers and coastal areas have been 
modelled for the Pacific Ocean compared to the Indian Ocean (Chenillat 
et al., 2021; Jambeck et al., 2015; Lebreton et al., 2017; Schmidt et al., 
2017). Regarding the long-term evolution of the patches, models suggest 
that the Indian Ocean gyre is the least persistent gyre, with items tending 
to transit to the Atlantic Ocean at a decadal scale and eventually into the 
North Pacific over 1000 years (Van Sebille et al., 2012). 

Both the quantity of plastics and their characteristics suggest an 
accumulation area at the end of leg 3/start of leg 4 (30–31 January). 
Smaller and light coloured fragments have been observed in the North 
Pacific accumulation zone compared to outside waters (Titmus and 
Hyrenbach, 2011). In a global review, Marti et al. (2020) reported that 
the fraction of white and light coloured pieces increases with distance 
from shore. The mechanical abrasion and photo-oxidation of plastic 
items at sea not only results in smaller but also lighter coloured frag-
ments (Andrady, 2015; Marti et al., 2020). The aggregation of small 
light coloured fragments at the end of leg 3/start of leg 4 suggests that 
this area concentrates aged plastics and can thus be called a garbage 
patch as seen in other gyres of the World Ocean. Despite being an 
opportunistic and punctual study, the densities and characteristics of 
macro-litter observed during our survey confirm that the area of accu-
mulation of small fragments identified using nets in the middle of the 
southern Indian Ocean (Cózar et al., 2014; Eriksen et al., 2014) also 
accumulates macro-litter. Further, our observations show that the litter 
retained in the patch is substantial and warrant additional research. 

4.4. Potential impacts of a garbage patch in the Southern Indian Ocean 

The impacts of floating macro-litter at sea are multiple. For example, 
big macro-litter can cause navigational threats particularly when located 
in high traffic or fished areas (Hong et al., 2017). The region of highest 
litter aggregation lies to the east of the main maritime route in the area, 
and is thus not intensely crossed by merchant ships (Halpern et al., 2015). 
However, the maritime traffic in the western Indian Ocean has been 
increasing considerably (Tournadre, 2014) and it is likely that more and 
more ships will travel through the litter accumulation zone. Further, as 
stated earlier, the area of litter aggregation is also fished intensely at 
certain times of the year (Guiet et al., 2019). Collision risks are thus 
possible. But more importantly and of direct ecological impact, it has been 
shown recently in the Pacific that an accumulation of plastic litter at the 
surface was associated with higher plastic concentrations in the waters 
beneath it (Egger et al., 2020). Together with this, fish found in accumu-
lation areas ingest more plastics than fish caught in less polluted envi-
ronments (Markic et al., 2018). Contamination of fish by plastic particles 
and their adsorbed chemical pollutants may pose a risk to human con-
sumption (Barboza et al., 2020a, 2020b; Forrest and Hindell, 2018). One of 
the fisheries operating in the area of the discovered accumulation zone is 
the long-line fishery targeting tunas (www.iotc.org/documents/WPTT18- 
catch-and-effort-reference). Tunas caught in the Indian Ocean slightly east 
of our survey exhibited high heavy metal contents, which can originate 
from natural but also anthropogenic activities (Chen et al., 2018). The 
detection of a garbage patch in the fished area should motivate more 
research on the fish caught in the southern Indian Ocean to roll out po-
tential risks for human consumption. 
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Another ecological impact is linked to the high diversity of marine 
top predators using islands in the Indian Ocean as breeding ground and 
the marine environment to find food. These north-western (e.g. La 
Réunion, Seychelles) and southern islands (e.g. Kerguelen, Amsterdam/ 
St Paul islands) support a very diverse avifauna which travel far and 
wide foraging in the area where we detected the accumulation zone 
(Delord et al., 2013, 2014; Heerah et al., 2019; Hindell et al., 2020; Le 
Corre et al., 2012). Many threatened seabird species (including one 
Critically Endangered endemic and two Endangered endemics) visit the 
area (e.g. Delord et al., 2013, 2014; Heerah et al., 2019; Le Corre et al., 
2012; Saunier, 2019). Plastic items are routinely found in stomach 
contents of seabirds breeding on these islands as well as at their nests 
(Cartraud et al., 2019; Cherel unpub. data; Cherel et al., 2017; Perold 
et al., 2020; Ryan et al., 2016). When seabirds encounter macro-litter, 
the effects can be plural from possible entanglement (Laist, 1997), 
ingestion and later obstruction of the digestive tracts (Pierce et al., 
2004), chemical poisoning from chemicals associated to the plastic items 
(Tanaka et al., 2020), and potentially a disease risk which has recently 
been found with plastics (Rasool et al., 2021; Rodrigues et al., 2019). 
The identification of a consequent accumulation zone in waters visited 
by consequent numbers of avian species therefore pose an additional 
risk to the species already threatened by fisheries and climate change 
(Dias et al., 2019). 

5. Conclusions 

Our opportunistic survey suggested the existence of an accumulation 
zone of macro-litter in the Indian Ocean, confirming the data obtained 
for small particles using towed nets in 2010 (Cózar et al., 2014; Eriksen 
et al., 2014). The calm weather and sea encountered during most of the 
survey (particularly during the leg 4) allowed for buoyant litter to be at 
the surface. To fully delimitate the whole extent of the patch, as well as 
observe its seasonal, annual and long-term dynamics, follow up surveys 
should be conducted. These seas are rarely visited on a regular basis 
except by a few accredited fishing boats, and the French ship R.V. Marion 
Dufresne II during the four annual rotations supplying the French sub- 
Antarctic islands as well as during oceanographic cruises. Macro-litter 
observations could be combined with the long-term monitoring of bird 
and marine mammal species which is currently on-going to allow ob-
servations across broader environmental conditions. These empirical 
data could then be fed into oceanographic models coupled with in situ 
drifter analyses to better quantify the patch and its evolution over time. 
These observations of macro-litter improve our ability to predict at-sea 
distribution, global budget of plastic as well as impact on marine species, 
particularly important in these high diversity hotspots (Wilcox et al., 
2015). Finally, macro- and micro-litter data exist only for the surface 
waters of the surveyed area. With more and more plastics being 
discovered in the water column (Atlantic: Pabortsava and Lampitt, 
2020, Pacific: Egger et al., 2020), investigations should also be con-
ducted in the Indian Ocean. 
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Metzl, N., 1998. OISO – Océan Indien Service d'observation. http://www.campagnes.flo 
tteoceanographique.fr/series/228/. (Accessed 2 April 2021). 

Moore, C.J., Moore, S.L., Leecaster, M.K., Weisberg, S.B., 2001. A comparison of plastic 
and plankton in the North Pacific central gyre. Mar. Pollut. Bull. 42, 1297–1300. 
https://doi.org/10.1016/S0025-326X(01)00114-X. 

Pabortsava, K., Lampitt, R.S., 2020. High concentrations of plastic hidden beneath the 
surface of the Atlantic Ocean. Nat. Commun. 11, 4073. https://doi.org/10.1038/ 
s41467-020-17932-9. 

Park, Y.H., Park, T., Kim, T.W., Lee, S.H., Hong, C.S., Lee, J.H., Rio, M.H., Pujol, M.I., 
Ballarotta, M., Durand, I., Provost, C., 2019. Observations of the Antarctic 
circumpolar current over the Udintsev fracture zone, the narrowest choke point in 
the Southern Ocean. J. Geophys. Res. Oceans 124, 4511–4528. https://doi.org/ 
10.1029/2019JC015024. 

Perold, V., Schoombie, S., Ryan, P.G., 2020. Decadal changes in plastic litter regurgitated 
by albatrosses and giant petrels at sub-Antarctic Marion Island. Mar. Pollut. Bull. 
159, 111471. https://doi.org/10.1016/j.marpolbul.2020.111471. 

Péron, C., Authier, M., Barbraud, C., Delord, K., Besson, D., Weimerskirch, H., 2010. 
Interdecadal changes in at-sea distribution and abundance of subantarctic seabirds 
along a latitudinal gradient in the Southern Indian Ocean. Glob. Chang. Biol. 16, 
1895–1909. https://doi.org/10.1111/j.1365-2486.2010.02169.x. 

Pierce, K.E., Harris, R.J., Larned, L.S., Pokras, M.A., 2004. Obstruction and starvation 
associated with plastic ingestion in a Northern Gannet Morus bassanus and a greater 
shearwater Puffinus gravis. Mar. Ornithol. 32, 187–189. 

Plastics Europe, 2020. Plastics - The Facts 2020, 64 p. Downloaded from https://www. 
plasticseurope.org/en on the 13 January 2021. 

Rasool, F.N., Saavedra, M.A., Pamba, S., Perold, V., Mmochi, A.J., Maalim, M., 
Simonsen, L., Buur, L., Pedersen, R.H., Syberg, K., Jelsbak, L., 2021. Isolation and 
characterization of human pathogenic multidrug resistant bacteria associated with 
plastic litter collected in Zanzibar. J. Hazard. Mater. 405, 124591. https://doi.org/ 
10.1016/j.jhazmat.2020.124591. 

R Core Team, 2020. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL. https://www.R-project. 
org/.  

Reisser, J.W., Slat, B., Noble, K.D., Plessis, K.D., Epp, M., Proietti, M.C., Sonneville, J.d., 
Becker, T., Pattiaratchi, C., 2015. The vertical distribution of buoyant plastics at sea: 
an observationalstudy in the North Atlantic Gyre. Biogeosciences 12, 1249–1256. 
https://doi.org/10.5194/bg-12-1249-2015. 

Ribic, C.A., Dixon, T.R., Vining, I., 1992. Marine debris survey manual. NOAA Technical 
Report NMFS 108. 100 p. 

Rodrigues, A., Oliver, D.M., McCarron, A., Quilliam, R.S., 2019. Colonisation of plastic 
pellets (nurdles) by E. coli at public bathing beaches. Mar. Pollut. Bull. 139, 
376–380. https://doi.org/10.1016/j.marpolbul.2019.01.011. 

Ryan, P.G., 2013. A simple technique for counting marine debris at sea reveals steep 
litter gradients between the Straits of Malacca and the Bay of Bengal. Mar. Pollut. 
Bull. 69, 128–136. https://doi.org/10.1016/j.marpolbul.2013.01.016. 

Ryan, P.G., 2014. Litter survey detects the South Atlantic ‘garbage patch’. Mar. Pollut. 
Bull. 79, 220–224. https://doi.org/10.1016/j.marpolbul.2013.12.010. 

Ryan, P.G., 2015. Does size and buoyancy affect the long-distance transport of floating 
debris? Environ. Res. Lett. 10, 084019. 

Ryan, P.G., 2020. Land or sea? What bottles tell us about the origins of beach litter in 
Kenya. Waste Manag. 116, 49–57. https://doi.org/10.1016/j.wasman.2020.07.044. 

Ryan, P.G., Musker, S., Rink, A., 2014. Low densities of drifting litter in the African 
sector of the Southern Ocean. Mar. Pollut. Bull. 89, 16–19. https://doi.org/10.1016/ 
j.marpolbul.2014.10.043. 

Ryan, P.G., De Bruyn, P.N., Bester, M.N., 2016. Regional differences in plastic ingestion 
among Southern Ocean fur seals and albatrosses. Mar. Pollut. Bull. 104, 207–210. 
https://doi.org/10.1016/j.marpolbul.2016.01.032. 

M. Connan et al.                                                                                                                                                                                                                                

https://doi.org/10.1073/pnas.1314705111
https://doi.org/10.1016/j.marpol.2014.02.019
https://doi.org/10.1016/j.biocon.2019.06.033
https://doi.org/10.1016/j.biocon.2019.06.033
https://doi.org/10.1016/j.marpolbul.2020.111880
https://doi.org/10.1016/j.marpolbul.2019.07.057
https://doi.org/10.1016/j.marpolbul.2019.07.057
https://doi.org/10.1016/j.marpolbul.2015.05.042
https://doi.org/10.1016/j.marpolbul.2015.05.042
https://doi.org/10.1038/s41598-020-64465-8
https://doi.org/10.1038/s41598-020-64465-8
https://doi.org/10.1371/journal.pone.0111913
https://doi.org/10.1016/j.envint.2020.105704
https://doi.org/10.1080/18366503.2018.1460945
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1371/journal.pone.0216819
https://doi.org/10.1371/journal.pone.0216819
https://doi.org/10.1038/ncomms8615
http://refhub.elsevier.com/S0025-326X(21)00593-2/rf0125
https://doi.org/10.1038/s41467-018-03104-3
https://doi.org/10.1038/s41467-018-03104-3
https://doi.org/10.1016/j.biocon.2019.03.037
https://doi.org/10.1038/s41586-020-2126-y
https://doi.org/10.1016/j.marpolbul.2017.04.006
https://doi.org/10.1016/j.marpolbul.2017.04.006
https://doi.org/10.1080/25725084.2020.1779428
https://doi.org/10.1126/science.1260352
https://doi.org/10.1038/s41598-019-40311-4
https://doi.org/10.1038/s41598-019-40311-4
https://doi.org/10.1007/978-1-4613-8486-1_10
https://doi.org/10.1146/annurev-marine-010816-060409
https://doi.org/10.1126/sciadv.abd0288
https://doi.org/10.1016/j.biocon.2011.11.015
https://doi.org/10.1038/s41598-018-22939-w
https://doi.org/10.1038/s41598-018-22939-w
https://doi.org/10.1038/s41598-019-49413-5
https://doi.org/10.1038/s41598-019-49413-5
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1038/ncomms15611
https://doi.org/10.1016/j.marpolbul.2011.10.027
https://doi.org/10.1016/j.marpolbul.2011.10.027
https://doi.org/10.1016/j.marpolbul.2018.09.031
https://doi.org/10.1021/acs.est.9b06400
https://doi.org/10.1021/acs.est.9b06400
https://doi.org/10.1016/j.marpolbul.2011.04.016
https://doi.org/10.1016/j.marpolbul.2011.04.016
http://www.campagnes.flotteoceanographique.fr/series/228/
http://www.campagnes.flotteoceanographique.fr/series/228/
https://doi.org/10.1016/S0025-326X(01)00114-X
https://doi.org/10.1038/s41467-020-17932-9
https://doi.org/10.1038/s41467-020-17932-9
https://doi.org/10.1029/2019JC015024
https://doi.org/10.1029/2019JC015024
https://doi.org/10.1016/j.marpolbul.2020.111471
https://doi.org/10.1111/j.1365-2486.2010.02169.x
http://refhub.elsevier.com/S0025-326X(21)00593-2/rf0245
http://refhub.elsevier.com/S0025-326X(21)00593-2/rf0245
http://refhub.elsevier.com/S0025-326X(21)00593-2/rf0245
https://doi.org/10.1016/j.jhazmat.2020.124591
https://doi.org/10.1016/j.jhazmat.2020.124591
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.5194/bg-12-1249-2015
https://doi.org/10.1016/j.marpolbul.2019.01.011
https://doi.org/10.1016/j.marpolbul.2013.01.016
https://doi.org/10.1016/j.marpolbul.2013.12.010
https://doi.org/10.1016/j.wasman.2020.07.044
https://doi.org/10.1016/j.marpolbul.2014.10.043
https://doi.org/10.1016/j.marpolbul.2014.10.043
https://doi.org/10.1016/j.marpolbul.2016.01.032


Marine Pollution Bulletin 169 (2021) 112559

11

Ryan, P.G., Dilley, B.J., Ronconi, R.A., Connan, M., 2019. Rapid increase in Asian bottles 
in the South Atlantic Ocean indicates major debris inputs from ships. Proc. Natl. 
Acad. Sci. U. S. A. 116, 20892–20897. https://doi.org/10.1073/pnas.1909816116. 

Ryan, P.G., Weideman, E.A., Perold, V., Moloney, C.L., 2020. Towards balancing the 
budget: surface macroplastics dominate the mass of particulate pollution stranded on 
beaches. Front. Mar. Sci. 7, 575395. https://doi.org/10.3389/fmars.2020.575395. 

Ryan, P.G., Weideman, E.A., Perold, V., Hofmeyr, G.J.G., Connan, M. Message in a bottle: 
assessing sources of beach litter to tackle marine pollution. Environ. Pollut. (in 
revision). 

Saunier, M., 2019. Etude de la phénologie de reproduction et de la distribution en mer 
des pétrels noirs de Bourbon (Pseudobulweria aterrima). La Réunion, St Denis, 49 p. 

Schmaltz, E., Melvin, E.C., Diana, Z., Gunady, E.F., Rittschof, D., Somarelli, J.A., 
Virdin, J., Dunphy-Daly, M.M., 2020. Plastic pollution solutions: emerging 
technologies to prevent and collect marine plastic pollution. Environ. Int. 144, 
106067. https://doi.org/10.1016/j.envint.2020.106067. 

Schmidt, C., Krauth, T., Wagner, S., 2017. Export of plastic debris by rivers into the sea. 
Environ. Sci. Technol. 51, 12246–12253. https://doi.org/10.1021/acs.est.7b02368. 

Sherman, P., Van Sebille, E., 2016. Modeling marine surface microplastic transport to 
assess optimal removal locations. Environ. Res. Lett. 11, 014006 https://doi.org/ 
10.1088/1748-9326/11/1/014006. 

Smith, S.D.A., Banister, K., Fraser, N., Edgar, R.J., 2018. Tracing the source of marine 
debris on the beaches of northern New South Wales, Australia: The bottles on 
beaches program. Mar. Pollut. Bull 126, 304–307. https://doi.org/10.1016/j. 
marpolbul.2017.11.022. 

Stramma, L., Luthjeharms, J.R.E., 1997. The flow field of the subtropical gyre of the 
South Indian Ocean. J. Geophys. Res. 102, 5513–5530. https://doi.org/10.1029/ 
96JC03455. 

Suaria, G., Perold, V., Lee, J.R., Lebouard, F., Aliani, S., Ryan, P.G., 2020. Floating 
macro-and microplastics around the Southern Ocean: results from the Antarctic 
circumnavigation expedition. Environ. Int. 136, 105494. https://doi.org/10.1016/j. 
envint.2020.105494. 

Tanaka, K., Watanuki, Y., Takada, H., Ishizuka, M., Yamashita, R., Kazama, M., Hiki, N., 
Kashiwada, F., Mizukawa, K., Mizukawa, H., Hyrenbach, D., Hester, M., Ikenaka, Y., 
Nakayama, S.M., 2020. In vivo accumulation of plastic-derived chemicals into 
seabird tissues. Curr. Biol. 30, 723-728. e723. doi: https://doi.org/10.1016/j.cub. 
2019.12.037. 

Titmus, A.J., Hyrenbach, K.D., 2011. Habitat associations of floating debris and marine 
birds in the North East Pacific Ocean at coarse and meso spatial scales. Mar. Pollut. 
Bull. 62, 2496–2506. https://doi.org/10.1016/j.marpolbul.2011.08.007. 

Tournadre, J., 2014. Anthropogenic pressure on the open ocean: the growth of ship 
traffic revealed by altimeter data analysis. Geophys. Res. Lett. 41, 7924–7932. 
https://doi.org/10.1002/2014GL061786. 

UNEP, 2019. Resolution on marine litter and microplastics UNEP/EA.4/Res.6. United 
Nations Environment Assembly of the United Nations Environment Programme, 
Nairobi. 

Van der Mheen, M., Pattiaratchi, C., van Sebille, E., 2019. Role of Indian Ocean dynamics 
on accumulation of buoyant debris. J. Geophys. Res. Oceans 124, 2571–2590. 
https://doi.org/10.1029/2018JC014806. 

Van Sebille, E., England, M.H., Froyland, G., 2012. Origin, dynamics and evolution of 
ocean garbage patches from observed surface drifters. Environ. Res. Lett. 7, 044040 
https://doi.org/10.1088/1748-9326/7/4/044040. 

Van Sebille, E., Wilcox, C., Lebreton, L., Maximenko, N., Hardesty, B.D., Van Franeker, J. 
A., Eriksen, M., Siegel, D., Galgani, F., Law, K.L., 2015. A global inventory of small 
floating plastic debris. Environ. Res. Lett. 10, 124006. https://doi.org/10.1088/ 
1748-9326/10/12/124006. 

Van Sebille, E., Aliani, S., Law, K.L., Maximenko, N., Alsina, J.M., Bagaev, A., 
Bergmann, M., Chapron, B., Chubarenko, I., Cózar, A., et al., 2020. The physical 
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