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			South Africa is thought to be one of the worst contributors of plastic into the sea globally. Although some plastic items derive from offshore sources (mainly fishing and other maritime activities, but also long-distance transport), the importance of local, land-based sources is indicated by the composition of beach debris and the concentration of macro-, meso- and microplastics close to urban source areas. Some 60–90% of plastic from land-based sources is expected to strand on beaches, but plastic standing stocks on beaches are much lower than global model predictions of land-based pollution. Burial in beaches and transport into backshore vegetation are significant sinks, although this plastic is likely to be released as the climate crisis leads to rising sea levels and more extreme storms. Most buried items are fairly small, while many larger items, which account for most of the mass of plastic, are removed from beaches by cleaning efforts. However, even daily accumulation rate estimates – which exclude the effects of cleaning – fall well short of model predictions of plastic leakage from land-based sources. Oceanographic models predict that plastics entering the sea from South Africa are exported to the South Atlantic and Indian Oceans, with the proportion depending on source location and item density. At sea, floating macroplastic is concentrated close to urban centres. Farther offshore, plastic items tend to be large and buoyant because biofouling causes small, low buoyancy items to sink. Size-selective removal of plastics by biota might also contribute to the paucity of floating microplastics (<1 mm). The seabed is likely to be the main long-term sink for waste plastics, but the limited data available indicate low levels of plastics on the seabed off South Africa. Only a small proportion of plastic predicted to leak into the sea from South Africa can be accounted for. However, this should not delay the implementation of effective mitigation measures to limit plastic leakage.

			Significance:

			
					High densities of waste plastic around urban centres indicate that most macro- and microplastics come from local, land-based sources and do not disperse far at sea.

					Beach clean-ups remove up to 90% of the mass of stranded plastic, largely found in macroplastic items (>25 mm).

					The seabed is a long-term sink for marine plastics, but densities of plastic on the seabed around South Africa are still modest.

					The global model prediction of plastic leakage from South Africa into the sea probably is a gross overestimate. 
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			Introduction

			South Africa is predicted to be the 11th worst global offender in terms of leaking land-based plastic into the ocean, ranking third in Africa after Egypt and Nigeria.1 Although the projected growth in plastic from South African land-based sources is more modest than most other African countries, without significant interventions South Africa is likely to remain a significant polluter for at least the next decade.2 Verster and Bouwman3 report the sources and pathways by which plastics reach the South African marine environment from land-based sources. Here the relative importance of land- and offshore-based plastic sources are assessed and the fate of plastic items once they enter the seas around South Africa is discussed. 

			Land or sea? Inferring the origins of marine plastics

			Most marine plastics are assumed to derive from land-based sources.4 If this is the case, we might expect the composition of marine debris to be broadly similar to terrestrial litter, at least close to urban sources. There are differences in the proportions of macro-debris types on South African beaches and in urban litter (Table 1), but most of these discrepancies can be explained in terms of differential transport and environmental lifespans. For example, paper and cardboard comprises 25% of street litter, but <1% of beach litter (Table 1), presumably because it is less likely to disperse and is less long-lasting than plastic. Dense materials, such as glass and metal, are also under-represented on beaches, with only floating items made from these materials regularly washing up on beaches (e.g. sealed glass bottles, lightbulbs, aerosols, gas bottles). Amongst plastic categories, cotton bud sticks are disproportionately abundant on beaches as most come from waste-water treatment facilities rather than street litter. Lids and hard plastic fragments are also more common on beaches, probably because they disperse well and have long lifespans (in part because they are small, and thus less likely to be removed by cleaning efforts than larger items such as bottles and bags, and in part because their greater thickness than flexible packaging makes them more resistant to UV and/or mechanical degradation). Bottles have similar properties, but are more common in street litter because of differential cleaning of large items from most South African beaches.5 Polystyrene trays are the most common macroplastic item on beaches, greatly outnumbering their occurrence in urban litter, largely because they tend to break up in the environment, thus inflating the number (but not mass) of items.6 Mass is a better currency to track changes in debris composition, and there is a steady increase in the proportion of plastic by mass as one moves away from continental source areas (Figure 1), reflecting the differential dispersal and persistence of plastics compared to other debris types. 
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			Figure 1: 	A comparison of the proportion of macro-debris by mass comprising plastic of urban terrestrial litter with that on South African beaches and on a remote oceanic island (Inaccessible Island) in the central South Atlantic Ocean (FitzPatrick Institute unpublished data). 
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			Figure 2: 	The density of macro-debris (>90% plastic items) at 82 South African beaches in 2015 showing concentrations around urban source areas despite the greater cleaning efforts on urban beaches (FitzPatrick Institute unpublished data). 

		

	
		
			South African Journal of Science (Review Article)

			Marine Plastic Debris: Fate of marine plastics

			The dumping of plastic and other persistent wastes at sea was banned in 1989, when Annex V of MARPOL, the International Convention for the Prevention of Pollution from Ships, came into force. However, fishing and other marine activities are still responsible for a substantial amount of marine debris, often accounting for a large proportion of the mass of marine plastic at sites far from land-based sources (Figure 1).7-9 It is hard to assess how much of this ‘maritime’ debris is lost at sea accidentally (e.g. as a result of damage to fishing gear or washing overboard during storms) and how much is dumped deliberately. However, in South Africa, fishery-related debris accounts for less than 5% of beach debris by number (12% by mass), much less than food packaging and other single-use plastics typical of street litter (Table 1, Figure 1). Other marine plastics may result from shipping accidents (e.g. 49 tonnes of plastic pellets lost from containers that fell off a ship into Durban harbour in 2017).10 More problematic to assess, however, is the potential contribution of general waste plastic still dumped at sea in contravention of MARPOL Annex V.6,11 In this regard, the relative importance of land-based versus offshore sources (fishing, shipping and long-distance drift) can be inferred by examining the distribution and composition of plastic along the coastline. 
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			Table 1:	Proportions of macro-debris types at 82 South African beaches sampled in 2015 (n=54 488), in descending order of abundance, compared to Cape Town street and river litter (n=2257). See Figure 2 for the distribution of beaches sampled.

			
				
					
					
					
				
				
					
							
							Debris type

						
							
							Beach

						
							
							Urban

						
					

					
							
							Polystyrene trays

						
							
							17.5%

						
							
							3.5%

						
					

					
							
							Plastic lids and caps (including lid sealing rings)

						
							
							17.5%

						
							
							4.0%

						
					

					
							
							Hard plastic fragments

						
							
							14.4%

						
							
							1.2%

						
					

					
							
							Cotton buds (earbuds)

						
							
							8.9%

						
							
							0.8%

						
					

					
							
							Snack food wrappers (chips, sweets, ice-cream, etc.) 

						
							
							6.6%

						
							
							12.8%

						
					

					
							
							Plastic straws

						
							
							5.1%

						
							
							2.0%

						
					

					
							
							Commercial fishing gear (ropes, netting, floats, light-sticks, etc.)

						
							
							3.5%

						
							
							0.0%

						
					

					
							
							Plastic bags (HDPE carrier bags, LDPE bags, mesh bags, etc.)

						
							
							3.4%

						
							
							3.9%

						
					

					
							
							Plastic lolly sticks

						
							
							3.2%

						
							
							0.2%

						
					

					
							
							Other plastic food wrappers

						
							
							3.2%

						
							
							3.9%

						
					

					
							
							Cigarette butts

						
							
							2.4%

						
							
							20.5%

						
					

					
							
							Plastic user items (toys, pipes, buckets, etc.)

						
							
							2.0%

						
							
							1.8%

						
					

					
							
							Plastic bottles and tubs

						
							
							1.8%

						
							
							4.1%

						
					

					
							
							Other packaging (bubble wrap, packing foam, packing strips, etc.)

						
							
							1.6%

						
							
							1.3%

						
					

					
							
							Polystyrene lumps

						
							
							1.6%

						
							
							0.3%

						
					

					
							
							Disposable plastic items (cutlery, lighters, pens, toothbrushes, etc.)

						
							
							1.3%

						
							
							4.2%

						
					

					
							
							Glass items (bottles, lightbulbs, etc.)

						
							
							1.2%

						
							
							2.7%

						
					

					
							
							Recreational fishing gear (including monofilament line)

						
							
							1.2%

						
							
							<0.1%

						
					

					
							
							Metal items (cans, tins, metal lids, ring pulls, etc.)

						
							
							0.8%

						
							
							5.4%

						
					

					
							
							Medical/sewage waste (syringes, condoms, nappies, etc.)

						
							
							0.6%

						
							
							0.4%

						
					

					
							
							Shoes, hats, gloves, etc.

						
							
							0.6%

						
							
							<0.1%

						
					

					
							
							Paper and cardboard

						
							
							0.6%

						
							
							25.5%

						
					

					
							
							Wood (worked timber)

						
							
							0.5%

						
							
							0.8%

						
					

					
							
							Other non-plastic items

						
							
							0.4% 

						
							
							1.7%

						
					

					
							
							All plastic and related synthetic items

						
							
							96.5%

						
							
							63.9%
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			Regular surveys of debris on sandy beaches around the South African coast, since the 1980s, show that densities of both macro- and mesoplastic items are consistently greater close to urban centres than at more remote beaches (Figure 2).12,13 This pattern is found among macroplastics even though urban beaches are subject to much greater beach cleaning efforts than remote beaches.5,14 The distribution of small microplastics (mainly microfibres <1 mm) reported from sandy beaches around the South African coast have differed to some extent between studies15-17 but the most comprehensive survey to date also found a strong correlation with local urban source areas.18 

			The higher densities of plastics close to urban areas (typically two to three orders of magnitude greater than remote beaches13,17; Figure 2) suggest that most plastic on the South African coast derives from local, land-based sources. This is not to say that physical factors do not play a role in the distribution of plastic items along the coast.19 At a local scale, beach structure and nearshore currents tend to concentrate plastics at some beaches more than at others10, as evidenced by the correlation between plastic and pumice, a neutral marker of oceanic floating debris12. The distribution of plastic standing stocks also is determined by the turnover rate at beaches.20,21 However, if most plastics were dumped from ships or had drifted from distant sources, we would observe a more uniform distribution of plastic around the coast13,17 (Figure 2). This conclusion is supported by the greater proportion of locally versus foreign-manufactured items on beaches close to urban source areas than on more remote beaches.12 Similarly, the proportion of newly stranded plastics carrying bryozoans and goose barnacles (Lepas spp.), which is indicative of items that have drifted at sea for some time, increases with distance from urban centres.22 

			All these indicators show that plastics from offshore sources become relatively more abundant with distance from urban centres, which is consistent with land-based litter being responsible for most of the plastic on beaches close to urban centres. Surveys of stranded bottles are currently being conducted to provide a better indication of the relative proportion of land- and ship-based plastics around the South African coast.6,11 Preliminary results show that most soft-drink bottles derive from local sources, but that many water bottles are from offshore sources, with the proportion of foreign-manufactured water bottles ranging from 15% at urban beaches to nearly 90% at remote beaches (compared to <2% in street litter). The recent manufacture dates and lack of epibionts (organisms that live on the surface of other organisms) on foreign water bottles suggests that they mainly come from shipping passing around the Cape,6 whereas many of the HDPE bottles manufactured in South East Asia that are found all along the east African coast from Kenya to Cape Agulhas may have drifted across the Indian Ocean because they typically are colonised by bryozoans and often have bite marks from fish (FitzPatrick Institute unpublished data).
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			Lost at sea – where is all the plastic?

			Due to their low density and long lifespan in the environment, plastics can disperse vast distances.23,24 About two thirds of plastics produced by mass are polymers less dense than seawater25, and even items made from more dense polymers can float large distances if they contain trapped air pockets (e.g. sealed PET bottles)6. Oceanographic models, drifter tracks and observations of debris at sea all indicate that plastic floating at the ocean surface tends to accumulate in the centre of ocean gyres in so-called ‘garbage patches’.26-29 However, there is a large mismatch between estimates of the amount of plastic entering the sea each year from land-based sources (5–12 million tonnes in 2010)1 and the amount floating at the sea surface (~250 000 tonnes)29. Even allowing for the fact that this estimate of floating plastic is conservative8 and that Jambeck et al.1 probably overestimated land-based inputs, the amount of plastic entering the sea each year is at least an order of magnitude greater than the amount floating at sea.25 This discrepancy adds a new twist to the question ‘Where is all the plastic?’ posed by the seminal paper highlighting concerns about marine microplastics.30

			Koelmans et al.31 suggested that rapid fragmentation and sedimentation of floating plastic could account for the relatively small amount of plastic floating at sea. Their model of global plastic flux, fitted by matching known production figures to the observed amount of plastic floating at sea,29 suggests that more than 99% of plastic that has entered the sea since the 1950s has already sunk to the seabed, with a mean surface retention period of only 3 years. If correct, this means that the sea surface will lose floating plastic fairly rapidly if leakage into the environment ceases.8 However, only 1 of 50 dated items found in the North Pacific garbage patch in 2015 was less than 5 years old8, which is consistent with the long travel times predicted from surface drifter models for floating items to reach the accumulation zones in ocean gyres25,28. The Koelmans et al.31 model excludes stranded items from the global mass balance of marine plastics, treating beach plastic as still on land. Lebreton et al.25 adopted a more realistic three-compartment model for floating macroplastic that tracks items in beaches, as well as floating at sea in coastal and oceanic waters. Using a Lagrangian drift model, with the amount of plastic released from coastal areas related to human population density and waste mismanagement, 96% of particles (or 98% if wind-induced forcing is added to the model) are predicted to strand within 1 year of release.25 Stranded items can be resuspended and transported offshore, but in order for the model to match observed estimates of floating plastics, only 1% of stranded/seabed macroplastic is resuspended and returned to coastal surface waters each year, and 33% of floating plastic disperses from coastal to oceanic surface waters each year.25 These estimates appear to be modest, but they depend in part on the assumed degradation rate from macro- to microplastics of 3% per year across all three compartments, which may be slow for plastic on beaches and fast for plastic floating at sea.24,32 We need better estimates of the fluxes between the main environmental compartments (beaches, sea surface, water column, seabed and biota), as well as plastic degradation rates within each compartment. However, Lebreton et al.’s25 model predicts that coastlines are important short- to medium-term sinks for marine plastics irrespective of the exact parameter values, which concurs with oceanographic model predictions for the fate of plastics entering the sea from South African urban areas.19 
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			Are beaches major sinks for marine plastics?

			In a South African context, the fact that plastic densities are greatest close to major urban centres not only indicates that most marine plastic comes from local sources, it also suggests that a large proportion of land-based plastic does not disperse far from source areas. This is consistent with the rapid decrease in the density of floating macroplastic at sea moving away from urban source areas, although sedimentation to the seabed might also contribute to this pattern.33 Oceanographic models predict that more than 60% of buoyant items entering the sea from South Africa wash up on beaches19 (Figure 3). The proportion is expected to be much greater for plastic emanating from urban centres along the country’s east coast (>90%) than Cape Town (19%, but all Cape Town litter was simplistically assumed to release into Table Bay; litter entering the semi-enclosed False Bay is less likely to be transported offshore). Fewer plastics with densities greater than seawater are predicted to strand, but even this proportion (35% overall19) appears to be rather high given the general paucity of items that sink stranded on South African beaches. Empirical support is needed for these estimates, because the oceanographic model used fails to account for the complex physical dynamics in nearshore environments (waves and tides).19 In fact, it is likely that the proportion stranding close to major emission points (river mouths and storm drain outfalls) depends on the nature of the receiving environment (e.g. exposure and wave action) as well as the size and buoyancy of the items. Microplastics and low-buoyancy macroplastics (such as bags and flexible packaging, Figure 4a) tend to be transported offshore through surf zones more easily than more buoyant macroplastics (such as bottles and expanded polystyrene, Figure 4b) because they are more prone to be carried offshore in the undertow.34,35 
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			Figure 3:	The proportion of plastic items (buoyant and sinking combined) predicted to be exported to the Atlantic or Indian Oceans, or stranded ashore, from the five major urban areas along the South African coast, in relation to ocean currents. Arrow length indicates the relative importance of each pathway. The heat map shading along the coast shows where most debris is predicted to strand (= tracer accumulation factor, adapted from Collins and Hermes19 with thanks to C. Collins). Cape Town litter was all released off Table Bay (none in False Bay).
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			Plastic items have been predicted to accumulate along specific areas of the South African coast, mostly downstream from the major urban source areas.19 However, at a local scale, the predicted zones do not closely match observed hotspots for macro- (Figure 2) or meso/microplastics.13 These discrepancies probably reflect at least in part differences in shoreline type and associated plastic residence times. For example, concentrations of plastic along the south-central KwaZulu-Natal coast are lower than expected given the high human population densities and large plastic industry in the Durban area13 (Figure 2). This is not because of reduced plastic input in this area – the amounts of litter stranding on Durban beaches after rain events are quite shocking and regularly attract media attention. A more likely explanation is that the steep, coarse beaches in this area, together with clean-up efforts, result in fast turnover rates for plastic items.21 
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			Figure 4: 	Plastic transport at sea differs between buoyant items with significant windage such as bottles which are blown faster than surface currents even at low wind speeds (a), whereas flexible packaging is close to neutrally buoyant and travels with surface currents (b). After some time at sea, biofouling can cause even large plastic items made from polymers less dense than seawater to sink (c). 
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			One way to test predictions about the proportion of plastic washing ashore is through a mass balance exercise. At least 105 tonnes of waste plastic is estimated to reach the sea from land-based sources in South Africa each year.1-3 How does this figure compare to the amount of plastic stranded on beaches? The average plastic standing stock on South African sandy beaches is <0.1 kg/m, with even the most heavily polluted beaches having 1–2 kg/m (FitzPatrick Institute unpublished data). Extrapolating this estimate along the entire South African coast (3000 km, not all of which is sandy beach) gives a total of ~103 tonnes, appreciably less than the estimated land-based sources. If some 50% of all plastic washes ashore,19 why do we not see more plastic on our beaches? Several factors might explain this discrepancy: (1) the estimated amount of plastic entering the sea from land-based sources is inflated, (2) the proportion of plastic entering the sea from land-based sources that strands on beaches is lower than expected, and/or (3) turnover rates of plastic items on sandy beaches are rapid, and thus standing stocks underestimate the amount of plastic washing ashore. To resolve the relative importance of these factors, we need direct estimates of the amounts of litter entering the sea,3 and of the proportion that strands on beaches, but we can make some inferences about how representative standing stocks of beach plastic are of the amount washing ashore.
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			Burial, export and the impact of beach cleaning

			Beaches are dynamic environments, with numerous processes influencing the amount of visible macroplastic.5,21 Traditional surveys of beach macroplastics only sample superficial items, ignoring buried items.36,37 In order to estimate the contribution of buried macroplastics, 50-m transects for superficial macroplastics were combined with 1-m wide transects (8-mm sieve) to sample buried macroplastics to a depth of 15 cm. Sampling was conducted at two beaches that are seldom if ever cleaned: a remote beach in the West Coast National Park and at a beach in a restricted area on the False Bay coast. Most macroplastic items were buried at both beaches, but buried items tend to be smaller than surface items because small items are much more readily buried by windblown sand. As a result, buried macroplastics accounted for only 6–34% of the mass of beach plastics (FitzPatrick Institute unpublished data). These estimates suggest that burial is not a major factor in terms of the mass of plastics on beaches. However, they exclude deeply buried plastic items. For example, industrial pellets can occur up to 2 m deep in heavily polluted beaches.38 Also, sampling did not go far above the storm strand line; substantial amounts of stranded plastic may become trapped particularly on prograding shorelines, which are common locally in southern Africa. Unfortunately, the rapid post-industrial increase in atmospheric greenhouse gases means that we are already committed to substantial sea-level increases (5–10 m) in the near future.39 Coupled with increasingly severe storm events, it is likely that not only plastic trapped in beaches will be released into the sea through beach erosion, but landfills close to the coast also will be at risk of being washed away (e.g. Coastal Park on the False Bay coast of Cape Town). 

			There is little information on plastic turnover rates on South African beaches, but they could be fairly rapid, especially for lightweight items given the windy conditions prevalent along the coast. Daily sampling collects 2–5 times more macroplastics by number and 1.3–2.3 times more by mass than weekly sampling, with faster turnover rates for low density items such as expanded polystyrene.40 The fate of windblown plastic is not well understood; onshore winds blow plastic inland, where much of it is trapped in vegetation along the back shore,20 whereas offshore winds blow it into the sea. In the surf zone, its fate once again depends on size and buoyancy, with low density items such as sealed bottles and expanded polystyrene being carried back to shore by waves despite their high windage, whereas items such as bags and other flexible packaging, which are much less buoyant, are more likely to be carried offshore. 

			Beach cleaning efforts likely play a more significant role in removing plastics from marine systems. In South Africa, it is becoming increasingly difficult to find beaches that are not cleaned at least once or twice a year. ‘Working for the Coast’, part of the government’s Expanded Public Works Programme41, employs teams of people to inter alia clean much of the coastline, augmenting the already substantial municipal cleaning efforts18 and the ever-growing volunteer cleaning effort. The impact of beach cleaning on plastic standing stocks depends on the frequency and intensity of cleaning, with the intensity largely dependent on the number of cleaners and their level of motivation. There tends to be a strong size bias in cleaning efforts, with larger items more likely to be collected by cleaning teams than small items5 (Table 2). For example, the beach with the highest macroplastic density sampled along the South African coast in a survey of 82 beaches in 2015 (Figure 2) was an urban beach with daily municipal-funded cleaning. This beach had an average density of 399 items/m of beach, including 66 bottle lids and caps, 52 earbuds, 39 straws and 124 pieces of polystyrene food trays/cups. However, most of the mass of plastic resides in large items. This is illustrated by the comparison of two adjacent beaches on the False Bay coast: one open-access beach that is cleaned regularly by the municipality, and an adjacent beach in a restricted-access area that is seldom, if ever, cleaned. The uncleaned beach has about twice the number of macroplastic items than does the cleaned beach, but the mass of plastic is almost 20 times greater at the uncleaned beach (and 80 times greater if only surface plastic is considered; Table 2). Interestingly, there is more non-plastic debris at the cleaned beach (Table 2), due to littering by beachgoers. This comparison of two adjacent beaches suggests that beach cleaning could account for the removal of over 90% of the mass of plastic stranding on South African beaches (Table 2). No accurate statistics are kept on the amount of plastic collected; most municipal teams also collect seaweed and other natural marine debris, and even volunteer groups that record the mass of different debris types collected have inflated estimates because they do not clean or dry items prior to weighing. It remains to be answered whether the amount of plastic removed through burial, natural turnover and clean-ups is sufficient to close the gap between the modest superficial standing stocks (~103 tonnes) and the amount estimated to strand along the coast (~105 tonnes/year), bearing in mind that this latter estimate might be grossly inflated. 
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			Table 2:	The abundance and mass of superficial and buried (to 15 cm deep) macro-debris per metre of beach at two adjacent False Bay beaches with different cleaning histories 

			
				
					
					
					
					
					
					
					
					
				
				
					
							
							Debris type

						
							
							Uncleaned beach

						
							
							Cleaned beach

						
							
							%Cleaned

						
					

					
							
							
							Surface

						
							
							Buried

						
							
							%Buried

						
							
							Surface

						
							
							Buried

						
							
							%Buried

						
							
					

					
							
							All plastic items

						
							
							35

						
							
							414

						
							
							92%

						
							
							22

						
							
							268

						
							
							92%

						
							
							35%

						
					

					
							
							Bottles

						
							
							4

						
							
							7

						
							
							64%

						
							
							0

						
							
							0

						
							
							–

						
							
							100%

						
					

					
							
							Lids

						
							
							9

						
							
							73

						
							
							89%

						
							
							2

						
							
							21

						
							
							91%

						
							
							72%

						
					

					
							
							Straws

						
							
							3

						
							
							11

						
							
							79%

						
							
							2

						
							
							6

						
							
							75%

						
							
							43%

						
					

					
							
							Bags, wrappers

						
							
							6

						
							
							58

						
							
							91%

						
							
							4

						
							
							20

						
							
							83%

						
							
							63%

						
					

					
							
							Polystyrene

						
							
							2

						
							
							131

						
							
							98%

						
							
							3

						
							
							13

						
							
							81%

						
							
							88%

						
					

					
							
							Other packaging

						
							
							3

						
							
							15

						
							
							83%

						
							
							1

						
							
							11

						
							
							92%

						
							
							33%

						
					

					
							
							User items

						
							
							5

						
							
							22

						
							
							81%

						
							
							1

						
							
							5

						
							
							83%

						
							
							78%

						
					

					
							
							Plastic fragments

						
							
							2

						
							
							69

						
							
							97%

						
							
							3

						
							
							106

						
							
							97%

						
							
							–54%

						
					

					
							
							Cigarette butts

						
							
							1

						
							
							25

						
							
							96%

						
							
							6

						
							
							85

						
							
							93%

						
							
							–250%

						
					

					
							
							Non-plastic items

						
							
							2

						
							
							9

						
							
							82%

						
							
							14

						
							
							118

						
							
							89%

						
							
							–992%

						
					

					
							
							%Plastic

						
							
							95%

						
							
							98%

						
							
							
							61%

						
							
							69%

						
							
							
					

					
							
							Plastic mass (g)

						
							
							905

						
							
							472

						
							
							34%

						
							
							11

						
							
							70

						
							
							86%

						
							
							94%

						
					

					
							
							Non-plastic mass

						
							
							41

						
							
							69

						
							
							63%

						
							
							32

						
							
							126

						
							
							80%

						
							
							–44%

						
					

					
							
							%Plastic by mass

						
							
							96%

						
							
							87%

						
							
							
							26%

						
							
							36%

						
							
							
					

				
			

			%Cleaned shows the proportion removed by regular cleaning, assuming equal inputs. 

			Debris types which are more abundant at the cleaned beach, despite cleaning effort, presumably due to input from beach users, are shown in bold.
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			Dispersal of floating plastic

			What happens to plastic that does not strand on beaches? The drift tracks of plastic items floating at sea can be predicted directly from the trajectories of satellite-tracked weather buoys26,28 or simulated in oceanographic models27,42. The former approach makes no assumptions about oceanographic processes; it simply uses the observed movement of tracked buoys to estimate movement probabilities between grid cells. The website www.plasticadrift.org illustrates global drift patterns and the timescales over which they operate.28 Plastic items are assumed to have the same drift characteristics as the buoys, which are drogued to track water movements 10–15 m subsurface. Comparisons of drift trajectories of buoys with and without drogues show marked differences due to the effect of Stokes drift (linked to wind and wave action), which decreases rapidly with depth.43 As a result, these models are best suited for plastics drifting below the water surface (Figure 4c).

			Oceanographic circulation models (OCMs) simulate water movements based on forcing mechanisms (wind, Coriolis force, etc.). They can provide a finer-scale prediction of plastic movements than empirical models based on drifter tracks, especially when implemented at a regional19 rather than a global level.42 However, even in the open ocean, where OCMs should best simulate water movements, OCM predictions tend to underestimate drifter movements44 and there are mismatches between distributions of floating microplastics45. The models typically do not account for fine-scale features such as drift rows, which result from Langmuir circulation and account for much of the fine-scale heterogeneity in the distribution of floating plastics at sea.5,21 

			OCMs have two advantages compared to drifter-based models. First, drift trajectories can be programmed to account for windage, which typically allows buoyant items to travel faster than prevailing currents (Figure 4b). For example, there was generally good agreement between the observed and predicted dispersal speeds and stranding locations of items with different levels of windage released into the sea by the 2011 Japanese tsunami.46 Adding windage and stochastic motion improves estimates of stranding probability and the trajectory of objects lost at sea around South Africa.44 This is particularly important for understanding the dispersal of buoyant items, which dominate floating macroplastics away from land-based source areas.33 Collins and Hermes19 did not include windage in their model of plastic dispersal around South Africa because they were interested in microplastics, which generally drift at or just below the water surface.

			OCMs also can explore the dispersal of plastics suspended in the water column, and thus simulate the effects of vertical as well as horizontal movement (i.e. accommodate changes in movement trajectories with depth, such as those associated with the thermohaline circulation).19,47 Elsewhere, suspended plastic has been found to aggregate at the salinity front where large rivers enter the sea,48 but this is unlikely for the relatively small rivers in South Africa. For plastic items released from the south and east coasts of South Africa, floating items are predicted to be more likely to travel into the Atlantic Ocean, whereas dense plastics which sink towards the seabed are more likely to be entrained in the Agulhas Retroflection and travel into the Indian Ocean.19 However, like drifter models, OCMs struggle to simulate currents and current-wave interactions in the immediate near-shore environment. For example, the recent study to predict plastic movements around South Africa avoided this issue by releasing tracked particles 8–10 km offshore.19 We need a better understanding of the movement of plastic items in the surf zone and adjacent nearshore environments to understand the movement of plastic released from South African land-based sources. And although the model produced broadly plausible simulations of currents around South Africa19, it failed to predict known accumulation zones for plastic drift cards (and oil pollution) along the south coast of South Africa49. 

			Drifter-based models and OCMs both predict that most floating plastic items that travel offshore from the South African coast mainly enter the South Atlantic gyre, or drift east into the Indian Ocean.19,42,44 Only small amounts of plastic from South Africa are predicted to travel south19, which is consistent with the low densities of plastics observed in the Southern Ocean south of Africa50. The accumulation of floating plastic in the South Atlantic gyre has been shown empirically for both micro- and macroplastics.29,51,52 By comparison, the concentration of floating plastic in the Indian Ocean gyre is less well defined29,51, with greater leakage predicted to occur into the Pacific Ocean26,28,53. However, the absolute amount of plastic entrained in the Indian Ocean is extrapolated to be 4–5 times greater than in the Atlantic Ocean, both in terms of the numbers and mass of items.29 This difference is driven by greater amounts of macroplastics floating in the Indian Ocean, linked to the much larger input of plastics from South East Asia than from regions bordering the South Atlantic Ocean.1,53 
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			Sedimentation of floating plastic and transport by biota

			Until recently, models of plastic drifting at sea typically assumed that items less dense than seawater remain at the water surface for protracted periods.28 However, items drifting at the sea surface tend to lose buoyancy as they become fouled by epibionts, resulting in them sinking.54 Because fouling occurs on the surface of plastic items, and buoyancy is a function of volume, plastic items with large surface area to volume ratios are expected to sink more quickly.33 This has been demonstrated experimentally with tethered polyethylene pieces in South African coastal waters, with small (5x5 mm), thin (0.1 mm) pieces sinking within 2–3 weeks, whereas larger (50x50 mm), thicker (4 mm) pieces take more than 2 months to sink.55 However, it is unclear what impact tethering has on fouling rates and whether fouling in inshore waters is typical of rates experienced farther offshore; fouling rates probably vary seasonally.56 

			Despite these uncertainties, sedimentation probably accounts for the increase in the size and buoyancy of macroplastic items with distance from urban source areas.33,57 However, there is debate as to the fate of items that sink in this way. In shallow waters, they probably sink to the seabed, where they become fouled by benthic organisms and weighed down by sediment and thus remain trapped on the seabed.25 This is demonstrated by the fact that most plastic items (77%) collected in trawls on the South African continental shelf are made from polymers less dense than seawater and float once cleaned.58 Sinking times are of the same order as predicted from the tethered experiments, with a bread bag bearing pelagic goose barnacles (Lepas anserifera) trawled up from the seabed within 3 months of being manufactured.58 In deeper waters, it has been suggested that such items ‘yo-yo’ up and down in the water column as they start to lose epibionts once they sink below the photic zone.54,59 Lebreton et al.25 assumed that this occurred in waters more than 200 m deep. However, the South African trawl survey found a polypropylene margarine tub still bearing pelagic goose barnacles at 685 m.58 The tub might have travelled down the continental slope after sinking, but it was already colonised by a diverse array of benthic biota, and thus appeared to be unlikely to float again. 

			Biofouling is not the only process that facilitates the sedimentation of plastics from the sea surface. Microplastics frequently adhere to marine ‘snow’ (particles of organic detritus60), which increases the likelihood of sinking out of surface waters.61 Sinking is also promoted for microplastics incorporated into zooplankton faecal pellets and larvacean mucous filters62,63, although microplastics can reduce the sink rate of faecal pellets64. Zooplankton may also export plastics directly to deeper waters. Many species forage near the sea surface at night and then migrate vertically to deeper waters during the day, where ingested plastic could be entrained if the zooplankton is eaten in the deep.65-67 Recent studies suggest that many planktonic organisms now contain ingested microplastics.65-68 This is particularly true in heavily polluted areas such as the North Pacific ‘garbage patch’68 and near the mouth of the Yangtze River in the Yellow Sea65, but high incidences of microplastics have been found in mesopelagic fish even in oceanic waters far from the subtropical gyres66. Most small pelagic fish off South Africa also contain microfibres (44–80% of individuals of five species contained at least some fibres69), but it is not known what proportion of these fibres are synthetic. However, it is questionable whether these items account for a significant proportion of the mass of plastics at sea because they are typically very small fragments and fibres. For example, even in the Yellow Sea, where microplastics are estimated to be almost two orders of magnitude more abundant in zooplankton than in the water column,65 the mass of ingested plastic is <1 mg/m2, even if we assume zooplankton occurs to 300 m deep. 

			Animals might also transport plastics among other environmental compartments. Marine predators, such as seabirds and seals, that come ashore to breed or moult import some plastics to land (e.g. seabirds using plastics collected at sea as nest material).70 This is probably most significant for ingested plastic in seabirds, which can be released on land through mortality, regurgitation or excretion.71-73 Off South Africa, petrels in particular often contain large amounts of ingested plastic74, with adults transferring much of their accumulated plastics to their chicks75. However, this is only likely to account for a relatively small amount of plastic, even given the large populations of some species (106–107 individuals),76 given average plastic loads of <0.1 g per bird. 
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			The seabed as a long-term sink

			The sedimentation of floating plastics, together with the direct sinking of about one third of all polymers that are more dense than seawater, suggests that the seabed is likely to be the ultimate long-term sink for most plastics that enter the marine environment.77,78 However, very little is published on the composition and abundance of seabed debris in South Africa.79-81 A recent study of macro-debris in 235 demersal trawls made across the continental shelf (30–900 m deep) between the Orange River and Port Alfred found that plastic was most common in the area north of Cape Town and that densities increased with water depth.58 Most plastic debris was packaging and other single use items (77%) but these items accounted for only 16% of the mass of plastics.58 Fishing gear was the next most common category of plastic items (21% by number and 48% by mass). The proportion of fishing gear on the seabed likely increases with distance from land-based sources, particularly on favoured fishing areas such as sea mounts.82 Overall, the densities of plastics (3 items/km2 and 0.3 kg/km2) were markedly lower than in other trawl surveys around the world (typically 20–500 items/km2 and 2–20 kg/km2).58,78 This might be related in part to the nature of the trawl gear used, but examination of remotely operated vehicle camera footage collected for biodiversity surveys across a range of habitats from the continental shelf and slope all suggest very low densities of debris on the seabed around South Africa (Sink K, SANBI, personal communication). 

			Closer to shore, occasional mass strandings of seabed debris indicate the presence of a pool of plastics on the seabed at least close to urban source areas.80 For example, monthly spring-low clean-ups of a stretch of rocky intertidal shoreline in False Bay collected an average of 1.65±1.30 plastic items/m (12±10 g/m, n=36 months), except one month when more than 65 items (72 g/m) were recorded (FitzPatrick Institute unpublished data). Many items were made of polymers denser than seawater (polyamide cable ties, polystyrene cutlery, etc.). The conditions driving such events have not been studied in South Africa, but probably are related to intense wind-driven upwelling.83 However, the location of this plastic on the seabed remains unknown, with no plastic items seen in any of 421 images of the False Bay seabed taken to classify benthic communities (FitzPatrick Institute unpublished data). 

		

	
		
			South African Journal of Science (Review Article)

			Marine Plastic Debris: Fate of marine plastics

			Current uncertainties and evidence gaps

			The gross discrepancy between estimates of the amount of plastic in marine environments around South Africa and the amount thought to be released from local, land-based sources mirrors our inability to produce a plausible mass balance for waste plastics globally.25,31 Either we are greatly overestimating the amounts of plastic entering the sea, or we are failing to measure a major sink for marine plastics. To solve this dilemma, we need a better understanding of the origins, transport and fates of macroplastics, because they account for almost all of the mass of plastics in marine ecosystems.8,29 

			Although much remains to be learned about the distribution and abundance of plastics on the seabed, all indications are that macroplastic items are scarce on the seabed off South Africa, especially when compared to other densely populated continental margins. As a result, it is unlikely that seabed plastic will fill the deficit in the mass budget. We know even less about plastics suspended in the water column, including how they move vertically with biotic-induced changes in buoyancy.47,59 Sampling macroplastics in mid-water trawls is perhaps the most practical way to gain useful data in this regard. However, anecdotal reports from fishers and fishery biologists indicate that this compartment is unlikely to explain the thousands of tonnes of ‘missing’ plastic. Better estimates of plastics removed from beaches might partly explain the deficit, but estimates of daily arrival rates of macroplastics at urban beaches84-86 are modest relative to the global model prediction. Paradoxically, the biggest knowledge gap pertains to estimates of land-based plastics entering the sea. This should be one of the easiest fluxes to measure, but it is symptomatic of the history of the plastic pollution problem, which started in marine ecosystems and has only recently started to focus on plastics in freshwater and terrestrial ecosystems.87 
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			Implications for tackling the plastics problem

			The fact that we cannot account for much of the mass of plastic estimated to be leaking from South Africa into the ocean has little bearing on how we go about tackling the plastics problem. Although the exact amounts are poorly known, it is clear that the country is responsible for a significant amount of plastic waste entering the sea, and that this situation needs to be addressed. There are many ways to reduce plastic wastes, including incentives to reuse or recycle plastics; improved product design to reduce plastic use and facilitate recycling; adopting extended producer responsibility for packaging beyond the point of sale; material substitution; and even banning plastics in high-risk applications. However, the ultimate goal is to reduce the amount of plastic and other solid wastes entering the sea. Here, the biggest short-term gains will be made by improving solid waste management on land and intercepting debris in run-off, particularly from urban areas. Installing and servicing effective litter traps in urban rivers will go a long way towards reducing plastic leakage into the sea. However, there is also a need to ensure better compliance with legislation prohibiting the dumping of plastics and other persistent wastes by ships at sea. 
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