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Most studies report the abundance of plastic items in the environment, but mass is an
equally important currency for monitoring plastic pollution, particularly given attempts
to balance the global plastic budget. We determined the size/mass composition of
litter stranded on a remote, infrequently-cleaned sandy beach on the west coast of
South Africa. Traditional surveys of superficial macro-litter were augmented by sieved
transects for buried macro-litter (8-mm mesh), meso-litter (2-mm mesh) and sediment
cores for micro-litter. Aggregating the data across all sampling scales, the total density
was ∼1.9 × 105 anthropogenic particulate pollutants per linear meter of beach, 99.7%
of which were microfibers (most of which are likely not ‘plastic’). Plastics comprised
99.6% of beach macro- and meso-litter by number and 89% by mass. Small items
dominated samples numerically, but were trivial relative to larger items in terms of their
mass. Buried litter accounted for 86% of macro-plastic items, but only 5% of the mass of
macro-plastics, because smaller items are buried more easily than large items. The total
density of plastic (∼1.2 kg·m−1), at least half of which was from fisheries and shipping,
is much lower than predicted by global models of plastic leakage from land-based
sources. Ongoing degradation of plastic items already in the environment, particularly
on beaches, is likely to result in a marked increase in plastic fragments, even if we stop
leaking additional plastic. The collection of large items from beaches is a useful stop-
gap measure to limit the formation of micro-plastics while we formulate effective steps
to prevent plastic leakage into the environment.

Keywords: micro-plastics, macro-plastics, litter density, plastic budget, sampling scale, buried litter, beach
cleaning, plastic mitigation

INTRODUCTION

Plastics are a diverse group of synthetic chemicals that have a myriad of uses thanks to their
lightness, strength, durability, and insulative and barrier properties. However, these traits combine
to make inappropriately discarded plastics a major pollution threat, with a diverse array of
environmental impacts (UNEP, 2009). Plastic litter is now ubiquitous in marine systems, where it
occurs as floating litter, on the sea floor, suspended in mid-water, buried in sediments and stranded

Frontiers in Marine Science | www.frontiersin.org 1 November 2020 | Volume 7 | Article 575395

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2020.575395
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2020.575395
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2020.575395&domain=pdf&date_stamp=2020-11-05
https://www.frontiersin.org/articles/10.3389/fmars.2020.575395/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-575395 October 30, 2020 Time: 15:49 # 2

Ryan et al. Plastic Pollution Numbers and Mass

along coastlines (Bergmann et al., 2015; GESAMP, 2019). There
is growing concern about micro-plastics, typically defined as
plastic fragments < 5 mm in diameter (Hartmann et al., 2019),
which are common constituents in sediments and surface waters
(Thompson et al., 2004). Not only are micro-plastics by far
the most abundant type of plastic pollution (e.g., Lee et al.,
2013; Cózar et al., 2014; Eriksen et al., 2014), but small items
probably have a larger impact on marine ecosystems than larger
litter items (Barnes et al., 2009; Bergmann et al., 2015). Micro-
plastics are ingested by a greater range of organisms than macro-
plastic items (Ryan, 2016), and their much greater surface area
to volume ratios promote the transfer of persistent organic
pollutants and plastic-associated toxins into marine foodwebs
(Takada and Karapanagioti, 2018).

Although much of the environmental focus in the last decade
has been on micro-plastics, it is clear that, at least among floating
plastics, most of the mass is in macro-plastic items. For example,
Eriksen et al. (2014) estimated that macro-plastics (>5 mm)
accounted for more than 85% of the mass of floating plastic at
sea, despite accounting for < 8% of floating items > 0.3 mm.
Indeed, the items larger than 200 mm (only 0.2% of floating
plastic items) were estimated to be responsible for 75% of the
mass of floating plastic. The empirical data for macro-plastics was
less robust than for micro-plastics (Eriksen et al., 2014), but the
same pattern emerged in a detailed study of the North Pacific
‘garbage patch,’ where macro-plastics accounted for 92% of the
mass of plastics despite comprising only 6% of floating plastic
items (Lebreton et al., 2018).

Tracking the mass of plastics is important for understanding
the dynamics of plastic litter in marine ecosystems (Ryan et al.,
2009, 2020). In particular, it is critical to try to balance the global
plastic budget. Jambeck et al. (2015) estimated that in 2010 alone,
some 5–12 million tons of plastic leaked into the sea from land-
based sources, 20–50 times more than the total estimate of plastic
floating at sea (even allowing for the fact that Eriksen et al.,
2014 may have underestimated the amount of micro-plastics;
van Sebille et al., 2015). Although estimated inputs from rivers
(0.5–2.7 million tons per year; Lebreton et al., 2017; Schmidt
et al., 2017) are less than the Jambeck et al. (2015) estimate, they
are still much greater than at-sea estimates of floating plastic.
Even allowing for sinking of polymers that are more dense than
seawater (e.g., PET, PVC, PS which comprise some 40% of global
plastic production by mass), there is a gross mismatch between
the estimate of land-based sources of plastics and what we can
account for at sea. One possible explanation for the mismatch is
that most plastics entering the sea rapidly fragment and sink to
the seafloor (Koelmans et al., 2017). However, most dated items
found floating in the North Pacific gyre (Lebreton et al., 2018) are
much older than the average 3-year residence time for floating
items predicted by Koelmans et al. (2017).

Lebreton et al. (2019) included beached plastic in their model
of plastic flux, and were able to balance the global plastic budget
if almost all plastic items from land-based sources (96–98%)
strand within 1 year of entering the sea, and if only 1% of
stranded/seabed macro-plastic is resuspended and returned to
coastal surface waters each year. These estimates appear to be
quite extreme, but physical models also predict that a high

proportion of micro-plastic litter leaking into coastal waters
washes ashore (Collins and Hermes, 2019; van Sebille et al., 2020)
and coastal surveys suggest that most macro-litter from land-
based sources strands close to where it enters the sea (Rech et al.,
2014; Willis et al., 2017; Ryan, 2020a). These results suggest that
beaches are important sinks for plastic litter, and thus a thorough
understanding of the amount of plastic on beaches is central to
balancing the global plastic budget.

Beaches are the marine compartment where we have the
best information on the abundance and composition of plastic
pollution (GESAMP, 2019; Ryan et al., 2020), but there remains
considerable confusion about how best to characterize plastics
on beaches (Browne et al., 2015). Early studies of beach litter
reported the amount per linear meter of beach for both macro
(e.g., Dixon and Dixon, 1983; Merrell, 1984) and micro-plastics
(Gregory, 1978; Ryan and Moloney, 1990). This makes sense
because litter washes up in a linear front and accumulates
in a series of strandlines ranging from the most recent wave
front, through the last high tide line and a succession of
older strandlines to the extreme storm strandline (GESAMP,
2019; Ryan et al., 2020). Lightweight items often blow farther
inland until they become trapped by vegetation. All these areas
were sampled in traditional beach litter studies, which reported
densities per unit length of beach. Density estimates per unit area
are greatly influenced by beach width, which plays little role in
determining the amount of litter washing ashore. The increasing
focus on micro-plastics has seen a shift toward reporting densities
per unit area or volume of beach, which is more compatible
with the small scale of sampling appropriate for micro-plastics.
However, this method largely ignores the systematic variation
in litter density across the beach profile (Chubarenko et al.,
2018, 2020b), with most studies deliberately targeting the ‘main’
strandline, usually without any attempt to assess how this relates
to other parts of the beach, or even if plastic concentrations are
indeed greatest along this strandline. Attempts to extrapolate
total litter loads on beaches from area-based density estimates
are thus fraught with difficulty, with estimates at best using a
stratified approach that acknowledges the predictable structure
linked to position on the shoreline (e.g., Lavers and Bond, 2017).
The most comprehensive method remains sampling across the
width of the beach, as was done in traditional beach litter studies.

Olivelli et al. (2020) highlight the importance of integrating
all litter items from the waterline to the backshore vegetation.
However, their visual survey approach ignores critical processes
within the beach. The pattern of increasing litter item size from
the sea to the backshore is a simple consequence of the much
greater abundance of small plastic items at sea (which means
most items washing ashore are small) and the differential burial of
smaller items as you move toward the back of the beach (because
smaller items are buried much more rapidly by windblown sand
or infiltration than large items; see section “Results”). To date,
few studies have sampled buried litter on beaches, even though it
may account for a significant proportion of beach litter (Browne
et al., 2015). Kusui and Noda (2003) conducted perhaps the best
study to date, but it is unclear how comparative their area-based
approach is, given sampling at very different scales for differently-
sized litter items (100 m2 quadrats for surface macro-litter and

Frontiers in Marine Science | www.frontiersin.org 2 November 2020 | Volume 7 | Article 575395

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-575395 October 30, 2020 Time: 15:49 # 3

Ryan et al. Plastic Pollution Numbers and Mass

0.16 m2 quadrats for buried litter). Also, they only sampled the
top 5 cm of the beach, even though micro-plastics occur up to
2 m deep in beaches (Turra et al., 2014; Chubarenko et al., 2018).

Finally, most studies of beach litter focus on only one size class
of litter, and thus there is no way to assess the proportion of the
total litter load represented by different size fractions. The few
studies that have sampled across different size classes have tended
to report numbers of items, not mass (e.g., Lee et al., 2013). Only
Martins and Sobral (2011) have characterized both numbers and
masses of plastics in beaches and reported that micro-plastics
(<5 mm) accounted for just over 50% by number but < 5% by
mass. However, they only sampled the top 2 cm of sand, and their
largest quadrats (2 m × 2 m) were too small to sample megalitter
items (>1 m), which account for most of the mass of floating
plastic at sea (Lebreton et al., 2018) and require large areas to
sample adequately on beaches (OSPAR, 2010).

In this study, we characterize beach plastic and other
anthropogenic litter across the full size spectrum from micro
to megalitter items. To do so, we pool data from samples
collected from the surface and buried to 15–20 cm deep across
a range of spatial scales and integrated from the waterline to
the backshore dune vegetation. By selecting a remote beach
with very few visitors and little if any beach cleaning effort,
we provide a snapshot of the plastic load typical of marine
inputs, which can be compared to the size distribution of
plastics recorded at sea. By reporting the relative contribution
of different size classes, we provide the first estimate of the
proportion of beach litter mass represented by superficial macro-
litter. Such estimates are needed to infer how much plastic is
stored in global beaches, although the proportion likely varies
with beach type and recent patterns of erosion/deposition as well
as cleaning effort.

MATERIALS AND METHODS

Field Sampling
We sampled stranded litter along a 500 m-stretch of open sandy
beach near the center of 16 Mile Beach (33.214◦S, 18.082◦E),
a long, remote beach in the West Coast National Park, 85 km
north of Cape Town, South Africa (Supplementary Figure S1).
Like most beaches in the region, it is a dissipative beach with
a gently shelving low shore, increasing in slope toward the
backshore. The intertidal zone averages around 30–40 m wide,
with a further 5–10 m from the spring high tide line to the
start of the dune vegetation. The beach lies in the downstream
plume of litter emanating from Cape Town (Collins and Hermes,
2019) and is characterized by a mix of local, land-based litter
and fishery/marine inputs (Fazey and Ryan, 2016). By sampling
10 km from the north end of the beach, distant from easy access
points, we reduced the risk of significant local inputs by beach-
goers and loss of items to beachcombers or informal cleaning
efforts (cf. Ryan et al., 2009). Prior to 2010, only the ends of the
beach were cleaned once or twice per year by volunteers and park
staff. The central section was not cleaned, other than informal
efforts by members of the public (e.g., selective removal of sought
after items like fishing floats). Since 2010, teams employed by the

government’s ‘Working for the Coast’ program1 have cleaned the
beach more systematically, and so no surveys of macro-litter were
conducted after 2010.

We used four approaches to sample three size classes of litter
items. Items large enough to be collected by hand, similar to those
removed by manual cleaning efforts (roughly > 10 mm), were
picked from the surface of the beach. These traditional surveys
of superficial macro-litter were augmented by sieved transects for
buried macro-litter (8-mm mesh), meso-litter (2-mm mesh) and
sediment cores for micro-litter. Although these mesh sizes do not
correspond exactly with the definitions of macro-, meso-, and
micro-plastics (e.g., Hartmann et al., 2019) they are close enough
that we use these terms as a convenient shorthand to report the
results from the different sampling approaches.

Macro- and meso-litter were sampled during the austral
summer in March 2010, and meso- and micro-litter were
sampled in November 2017. The relative importance of buried
versus superficial macro-litter was estimated from eight 1-m
wide transects running from the waterline to above the storm
strandline. Transects were located 50 m apart. After demarcating
each transect, all surface litter was collected from the water line
to above the storm strand line (retaining items that straddled the
transect boundary if they were more than half in the transect).
We then sampled buried litter from the most recent high tide
line to above the storm strand line (Figure 1). Spades were used
to dig up the sand, which was passed through a 1 × 1 m raised
sieve with a 8 × 10 mm-mesh (Supplementary Figure S2). We
sampled two depth strata: first the top 5 cm of sand was sieved,
and then sand 5–15 cm deep was sieved. All retained material
was sorted to collect macro-litter items, which were returned to
the lab for processing (see below). Macro-litter from a further
10 such transects was collected in March 2008, increasing the
sample size and providing an indication of inter-year variability
in buried litter loads.

In 2010, we augmented the 1-m macro-litter transects with
more extensive macro-litter surveys in four 50 m-wide stretches
of beach, each bounded by two 1-m macro-litter transects
(Figure 1). Teams scoured the area from the waterline to the back
of the storm strand line and into the adjacent vegetated dune
fringe, where wind-blown litter from the beach accumulates. In
tandem with each 1-m macro-litter transect we also sampled
meso-litter in the top 5 cm of sand in a 0.5-m wide transect
with a 2-mm mesh sieve (Ryan et al., 2018). The sand deeper
than 5 cm was too wet and coarse to sieve with the fine-meshed
sieve. The area of wet sand below the recent high tide line was
searched visually for any recently-stranded meso-litter items,
which were added to the samples. Litter was collected from the
sieved material by searching visually. All remaining material was
then poured into a large bucket of seawater to detect any small
floating litter that may have been confused with denser particles
such as shell fragments. Repeated swirling of the bucket contents
detected plastics with densities greater than seawater (because
they remain in motion for much longer than more dense shells
and stones). Again, all anthropogenic material was returned to
the lab for processing.

1https://www.environment.gov.za/projectsprogrammes/workingfor_thecoast
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FIGURE 1 | Schematic diagram of sampling protocols, combining 50-m transects for surface macro-litter, 1-m coarse-sieved samples for buried macro-litter, 0.5-m
fine sieved samples for meso-plastics, and paired sediment cores (shallow and deep) at five sites across the beach profile for micro-plastics.

In 2017, we sampled micro-plastics at the same site using a
series of core samples. A 7-cm diameter metal corer was used
to collect surface and deep core samples, each ∼12 cm deep
(∼480 cm3) and comprising 828 ± 81 (SD) g of sand (dry mass).
The surface core was removed, and then a second, deeper core
taken from immediately beneath the surface core. Each core was
stored in a foil tray with a card lid for transport to the laboratory.
The paired surface and deep samples were collected at low tide
from five locations up the beach profile: at the low shore, mid
shore, most recent high tide line, the spring high tide line and
storm strand line (Figure 1). The distances between each sample
site were measured to the nearest 0.5 m. Three such transects were
sampled, 50 m apart. The average (± SD) distances between core
sites extending up the shore from the low shore were 15.3 ± 1.5 m
(low to mid shore), 9.3 ± 0.6 m (mid shore to high tide line),
6.5 ± 1.2 m (high tide to spring high) and 2.5 ± 0.5 m (spring
high to storm strandline). Each micro-plastic core transect was
paired with a 0.5-m meso-litter sieved transect as conducted in
2010 (see above). These sieved samples were divided into three
levels on the shore, linked to the top three coring sites: from the
recent high tide line to 1.5 m below the spring high tide line; from
there to midway between the spring high and storm strandlines;
and from there to 1 m above the storm strandline. Another 0.5-m
sieved sample collected in 2015 from the same site (Ryan et al.,
2018) was also included to give a total of 12 meso-litter samples.

Sample Processing
All macro- and meso-litter was categorized by material (plastic,
glass, wood, paper, metal, etc.) following standard beach survey
protocols employed since the 1980s on South African beaches
(Ryan and Moloney, 1990). Most macro items were also placed

into major categories of use: different types of packaging, other
single-use items, fishing and shipping gear, other user items, etc.
After cleaning off any sand, large items (>1 kg) were weighed
in situ with one of a series of spring balances (5–25 kg). All
remaining items were removed from the beach, cleaned of sand,
dried and weighed on top pan balances. Macro-litter items
were weighed to the nearest 0.1 g, meso-litter to the nearest
0.1 mg. Not all macro items were weighed individually; groups
of similar items were weighed together (e.g., small ropes, sweet
wrappers, etc.), assigning each item the average weight for the
group (i.e., mass/n).

In the lab, each micro-litter sand core was dried, weighed
to the nearest 0.1 g and then added to 2 L of a saturated salt
(NaCl) solution in a well-rinsed 5-L glass beaker (Mathalon
and Hill, 2014; Nel and Froneman, 2015). The salt solution was
pre-filtered through a 25 µm filter because even the laboratory-
grade salt we used contained microfibers. The beaker was stirred
vigorously with a metal spoon, covered with metal foil and
allowed to settle for 24 h, after which the supernatant was
filtered through a 25 µm nylon filter. The filter was examined
under a dissecting microscope to collect all visible anthropogenic
particles. Fibers were identified as anthropogenic in origin if
they were an homogeneous color, had a constant width, if there
were no organic or cellular structures visible and if they did
not break apart when pulled using tweezers (Hidalgo-Ruz et al.,
2012; Horton et al., 2017). All items were measured (approximate
length and diameter for fibers; mean length, breadth, and depth
for fragments) to the nearest 1 µm using a graticule. The
approximate mass of items was inferred from item volume (l·b·d
for fragments; l·π·r2 for fibers), assuming a mean density of
1.0 mg · mm−3 for plastic fragments, 1.2 mg · mm−3 for fibers
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and 0.016 mg · mm−3 for expanded polystyrene (Andrady, 2017).
Every attempt was made to reduce the risk of contamination.
All lab equipment was covered with metal foil when not in use
and thoroughly rinsed with Milli-Q water prior to use. All filters
were triple-rinsed with Milli-Q water prior to use. To estimate
levels of contamination in the lab, a control filter was exposed
whenever a sample was uncovered. Control filters contained 0–
3 fibers (average 0.59 ± 1.01 SD, n = 33 controls), with 67% of
controls containing 0 fibers. The fiber count from each control
filter was subtracted from the matched sample count data (Suaria
et al., 2020). Overall, this reduced the number of fibers counted in
samples by only 6%. Three core samples were extracted a second
time to estimate the proportion of items not recovered during
the initial extraction process; only one fiber was recovered during
the second extraction, from a sample with 0 fibers on the initial
extraction, and may well have been a contaminant.

Data Analysis
The various data sets were combined to estimate the average
total number and mass of plastic items per linear meter of
beach. To integrate across the full size spectrum of litter sampled,
we were perforce obliged to combine data across years, using
macro-litter data from 2010, micro-litter data from 2017 and
meso-litter data from both years. Although this is not ideal,
long-term monitoring at the site [including five-yearly surveys
of meso-litter and superficial macro-litter since the 1980s (Ryan
and Moloney, 1990) and the buried macro-litter sampling in 2008
and 2010] show limited inter-year variation in litter loads at this
beach at least in the last two decades. Data on micro-plastics are
more limited, but also suggest relatively little temporal variation
(de Villiers, 2018). Ultimately, we consider the biases potentially
introduced through combining data collected in two different
years to be no greater than those resulting from the extrapolation
required to integrate data across sampling scales ranging over 4–
5 orders of magnitude (see below). Our results should be seen as
more qualitative than quantitative, giving only a crude indication
of the relative contribution of the different litter size classes to the
number and mass of litter items.

The size of items was scored based on their mass (g),
using a log scale ranging across 13 orders of magnitude
(from < 0.1 µg to 100 kg). Because not all macro-litter items were
weighed individually, and micro-plastic masses were inferred
from measurements, the estimates of abundance by size class
are indicative rather than precise. Micro-plastic densities from
sediment cores were extrapolated based on the average beach
width, assuming that the core samples were central within each
sample zone. We assumed densities recorded by the low shore
cores extended another 5 m down shore and the storm strandline
extended another 1 m into the dunes, giving an effective transect
of 39.6 m. However, for the spring high tide line, which had an
appreciably higher density of microfibers than the recent high
tide line, we only applied its density 1.5 m downshore toward
the recent high tide line. Given the small size of the cores (7 cm
diameter), the extrapolation factors to estimate densities per
meter of beach were very large (195–1096, given three replicates
per shore stratum). Rather than trying to combine these error

TABLE 1 | The median and maximum masses of litter items sampled at different
spatial scales on a beach in the West Coast National Park, South Africa, in 2010
(macro- and meso-litter) and 2017 (micro-litter).

Sample and litter type Median Inter-quartile
range

Maximum n

50-m macro-litter
transects (n = 4)

Macro-plastics 3.0 g 0.6–26.0 g 35000 g 1479

Macro non-plastics 115.0 g 10.0–450 g 2250 g 96

1-m macro-litter
transects (n = 8)

Surface macro-plastics 2.0 g 0.4–8.4 g 550 g 107

Surface non-plastics 4.8 g 1.7–61.8 g 182 g 10

Buried macro-plastics
(0–5 cm)

0.2 g 0.1–0.5 g 41.5 g 331

Buried macro-plastics
(5–15 cm)

0.1 g 0.05–0.3 g 34.2 g 376

Buried non-plastics 0.3 g 0.2–0.7 g 1.5 g 10

0.5-m meso-litter
transects (n = 8)

Industrial pellets 21.5 mg 13.0–27.5 mg 94 mg 1332

Expanded polystyrene* 2.0 mg 1.0–7.0 mg 92 mg 115

Other meso-plastics* 10.0 mg 4.0–20.0 mg 195 mg 359

Non-plastics (wax)* 55.9 mg 34.4–77.3 mg 99 mg 2

Micro-plastic sediment
cores (n = 30)

Micro-plastic fragments* 12 µg – 1

Microfibers* 0.1 µg 0.07–0.23 µg 4.9 µg 313

*Right truncated to exclude items > 10 mm (meso-litter samples) and > 2 mm
(micro-litter samples).

terms, we simply report the coefficients of variation (CV) for
each sampling approach, to give a rough idea of the confidence
in each estimate.

Superficial macro-litter density was based on the 50 m beach
collections because these samples captured more large, scarce
items, as reflected in the greater mass per meter of beach from
these samples compared to the 1 m-transects (Table 1). The 1-
m sieved transects provided data on buried macro-litter and the
0.5-m sieved transects estimated meso-litter in the surface 5 cm.
Macro-litter items that would have been captured by the macro
sieve (>10 mm) were discarded from the meso- and micro-
samples. However, we explored the implications of extrapolating
meso-litter from the micro-plastic core samples in the estimate of
total litter load.

All size classes of litter were strongly right skewed and so we
report median and inter-quartile ranges (IQR) for masses. We
used Spearman rank correlations to test for consistent patterns
in the abundance and mass of surface versus buried macro-litter,
and among samples of macro and meso-litter collected in 2010.
Generalized linear models (GLMs; R Core Team, 2019) were
used to assess which factors determine the number and length
of microfibers in core samples. For the number of microfibers,
we fitted the GLM with a negative binomial distribution because
the data were over-dispersed; for fiber length, we used a gamma
distribution because the data were strongly right-skewed and
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TABLE 2 | The abundance and mass of macro-litter per meter of beach in the West Coast National Park, South Africa, in 2010 sampled by four 50 m-transects for
surface litter each with two paired 1-m transects for buried litter, and the percentage of surface litter of the total (%S).

Litter type Number·m−1 Mass (g·m−1)

Surface Buried Total %S Surface Buried Total %S

All plastics 7.4 91.7 99.1 7% 1111.5 77.1 1188.7 94%

Bottles 1.3 0.5 1.8 72% 106.5 2.1 108.6 98%

Lids 0.9 5.1 6.0 15% 2.3 4.8 7.1 32%

Straws 0.1 1.6 1.7 6% 0.1 1.8 1.9 3%

Bags, wrappers 1.5 20.5 22.0 7% 6.5 8.4 14.9 44%

Polystyrene 0.7 14.5 15.2 5% 7.1 10.6 17.7 40%

Other packaging 0.5 4.5 5.0 10% 3.0 5.8 8.8 34%

Fishing/shipping 0.9 10.4 11.3 8% 565.1 15.9 581.0 97%

Other user items 0.4 2.5 2.9 15% 418.6 12.6 431.2 97%

Rigid fragments 1.0 32.1 33.1 3% 2.5 15.1 17.6 14%

All non-plastics 0.5 1.0 1.5 32% 142.0 0.5 142.5 100%

Glass 0.2 0.0 0.2 100% 70.8 0.0 70.8 100%

Wood 0.1 0.0 0.1 100% 69.9 0.0 69.9 100%

Metal 0.0 0.0 0.0 100% 0.4 0.0 0.4 100%

Cigarette butts <0.1 0.5 0.5 4% <0.1 0.1 0.1 2%

Other non-plastics 0.1 0.5 0.6 17% 0.8 0.4 1.3 67%

Total 7.9 92.7 100.6 8% 1253.5 77.6 1331.1 94%

% plastic 93.9 98.9 98.5 88.7 99.3 89.3

constrained to lengths > 0. Explanatory variables in both models
were shore stratum, sample depth and transect (A–C).

RESULTS

Macro-litter
The patterns detected in the 10 1-m macro-litter transects
sampled in 2008 and the eight transects in 2010 were broadly
similar in terms of both the number (Supplementary Table S1)
and mass (Supplementary Table S2) of items collected, and so
data from the 2 years were pooled. Variance among replicates was
moderate; coefficients of variation (CV) were 43% for numbers
of items, and 75% for mass of items, with little difference in
CVs among depth strata. Surface items comprised only 10.6% of
macro-litter items; 41.0% were in the top 5 cm, and 48.4% from
5 to 15 cm deep. Given the greater volume of sand sampled in
the deeper stratum (2x surface stratum), the density of buried
macro-litter almost halved from the surface 5 to 5–15 cm. Despite
the numerical dominance of buried macro-litter, superficial items
accounted for 66.1% of the mass of macro-litter, because the mass
of surface items was much greater than buried items (Table 1).
This was reflected in the greater abundance of small litter items
among buried litter (e.g., straws, rigid plastic fragments, and
cigarette butts), whereas large items such as bottles and pieces
of wood were mostly recorded on the surface (Table 2 and
Supplementary Table S1).

Most macro-litter items were plastic (97.0%). There was a
slight increase in the proportion of plastic items from the surface
(93.6%) to buried litter (97.4% for 0–5 cm and 97.5% for 5–
15 cm) due to the greater mass (and size) of non-plastic items
than plastic items (Table 1). However, it was clear that the 1-m

transects failed to adequately sample large litter items. In 2010
we therefore collected all superficial macro-litter in four 50-m
transects, each paired with two 1-m buried litter transects (one at
either end of the 50 m stretch). In total, 1575 macro-litter items
weighing 204.6 kg were collected in these 50-m transects. CVs for
the four 50-m macro-litter transects were 25% for the number of
items and 61% for mass. Surface litter density (7.9 m−1) was half
that recorded in paired 1-m transects (14.6 m−1, Supplementary
Table S1), possibly because search intensity was greater in the
smaller 1-m wide transects. However, the density of litter by mass
was four times greater (1.03 kg·m−1 compared to 0.23 kg·m−1

in the 1 m-transects, Supplementary Table S2) because 50-m
transects captured more large, scarce items. The largest item
sampled in the 50-m transects was a 35 kg tangle of polypropylene
fishing rope, substantially larger than the largest item in all 18 1-m
transects (a 550 g heavy-duty polyethylene bag).

Combining the surface litter data from the 50-m transects
with the buried litter data from the paired 1-m transects
sampled in 2010, there were just over 100 macro-litter items
per meter of beach (Table 2). Surface litter comprised less
than 10% of the total number of items, but contributed almost
95% to the total mass of litter. There was little difference in
the composition or size of buried litter with respect to depth
stratum (Figure 2 and Supplementary Tables S1, S2) and so
they were pooled in Table 2. The mean mass of buried items
was relatively constant irrespective of whether they were in
the shallow (0.8 g) or deep (0.9 g) stratum. However, the
masses of buried items were strongly right skewed (Figure 2),
and median masses were considerably smaller than the means.
Plastics comprised 93.9% of surface macro-litter items and 98.9%
of buried macro-litter (Table 2). Non-plastic items contributed
more in terms of mass than by number of items, especially
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FIGURE 2 | The frequency distribution of the masses of macro-litter items
recorded at three depth strata in the beach in the West Coast National Park,
South Africa in 2010 (surface litter data from four 50-m cleaned areas, buried
data from eight paired 1-m wide sieved transects; items < 0.1 g pooled into
the smallest size class).

among superficial macro-litter, but they still only made up
11.3% of the mass in this category (Table 2). Buried litter was
more than 99% plastic by mass (Table 2). The total mass of
macro-litter averaged 1.33 kg·m−1 of beach, of which plastics
contributed 1.19 kg·m−1. Fishing gear and other marine-source
litter accounted for 49% of the mass of macro-plastics, and 44%
of the mass of all macro-litter.

Meso-litter
The 12 0.5-m transects contained 3437 meso-litter items
(69.58 g), of which only two small pieces of paraffin wax (0.1%)
were not plastic (Table 3). Industrial pellets accounted for 64% of
the meso-litter (70% by mass), followed by rigid fragments (19%
by number and 20% by mass) and expanded polystyrene (14% by
number, 7% by mass). The variation among meso-litter samples
was similar to that recorded among macro-litter samples, with
overall CVs of 73% for the numbers and 74% for the masses of
items collected (Table 3). Sampling over three different years did
not greatly affect the variation among samples; CVs in 2010, when
eight samples were collected ∼50 m apart, were similar: 66% for
numbers of items and 69% for mass of items. The largest litter
item recorded in a 0.5-m transect was a 224 g glass bottle.

Although we did not subdivide most transects across the beach
profile, it was clear that meso-litter items (like macro-litter) were
concentrated in a series of strandlines on the high shore, not all of
which were evident on the surface. In the three transects sampled
in 2017, meso-litter loads peaked around the spring high tide
line in two transects, decreasing slightly to the storm strandline,
but were much higher at the storm strandline in Transect C
(Supplementary Table S3). Across all samples, the abundance
of meso-litter in the top 5 cm of the beach averaged 573 m−1

of beach (444 m−1 based only on 2010 transects), roughly 10
times the density of macro-litter to this depth, and five times the
abundance of macro-litter to 15 cm depth (Table 2). However, the

TABLE 3 | The mean abundance and mass of meso-litter (2–10 mm) per meter of
beach in the West Coast National Park, South Africa, based on 12 0.5-m
transects sampling the top 5 cm of sand in 2010 (n = 8), 2015 (1) and 2017 (3).

Litter type Number (range) CV Mass g (range) CV

Industrial pellets 368 (54–762) 69% 8.13 (1.22–18.88) 71%

Rigid fragments 111 (10–296) 73% 2.34 (0.37–6.65) 82%

Flexible fragments 9 (0–38) 121% 0.25 (0.00–1.02) 140%

Expanded polystyrene 80 (0–526) 184% 0.80 (0.00–5.65) 199%

Fibers/monofilament 5 (0–14) 92% 0.06 (0.00–0.33) 166%

Paraffin wax 0.3 (0–2) 234% 0.02 (0.00–0.20) 292%

Total 573 (68–1544) 73% 11.60 (0.80–15.26) 74%

Items larger than 10 mm were excluded as macro-litter. Coefficients of variation
(CV) provide a relative measure of variation among samples for each type of item.

total mass of meso-litter was only 11.6 g m−1 of beach (9.1 g m−1

based on 2010 samples), which is 0.9% of the mass of macro-litter,
and 1% of the mass of macro-plastics.

Micro-litter
Microfibers were by far the most abundant anthropogenic
items in the micro-litter cores. After correcting for fiber
contamination, the 30 cores contained 296 microfibers and only
one microfragment (<1 mm; Supplementary Table S3). Fibers
were found in 26 of 30 cores, but there was considerable variation
among samples and transects (count CVs among transects = 74–
80%). All four cores lacking fibers were found in one transect
(C), which contained only 10–15% of the number of fibers in the
other two transects (Supplementary Tables S3, S4). There was a
tendency for microfibers to be more abundant toward the high
shore (Supplementary Table S3), but the only shore stratum that
had a significantly lower density of microfibers was the mid shore
(Supplementary Table S4). Microfiber density tended to increase
with sample depth (Supplementary Table S3), particularly on the
low-mid shore, although this was not significant given the small
number of samples (Supplementary Table S4).

The extrapolated abundance of micro-plastics was 188 × 103

microfibers and 200 microfragments per meter of beach
(Table 4). Given the much greater width of the low and mid shore,
these two strata accounted for just over half of all microfibers,
in stark contrast to larger litter items, which are predominantly
found along the high-shore strandlines. Because microfibers
were more abundant in the deep cores on the low shore, the
extrapolated estimates suggest that there are twice as many fibers
per meter of beach in the 12–24 cm depth stratum (128 × 103

m−1) than there are in the surface 12 cm (60 × 103 m−1).
Median microfiber dimensions were 524 × 14.3 µm (length

IQR 421–1016, diameter 13–16 µm). Microfibers tended to be
longer in deeper cores at all levels on the shore (Figure 3 and
Supplementary Table S5). The estimated masses of individual
microfibers ranged from 0.003 to 4.9 µg (Table 1). Extrapolating
from the dimensions of the fibers measured for each depth and
shore stratum, the estimated mass of microfibers per meter of
beach was 60 mg (Table 4). Because deep cores tended to have
longer fibers, the skew in mass with depth was even greater than
abundance, with deep cores accounting for 79% of the estimated
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TABLE 4 | The proportions of microfibers at different levels on the shoreline and at
two depth strata in 2017, expressed in terms of the number and mass of fibers.

Shoreline level Extrapolated number* Extrapolated mass*

Surface Deep Total Surface Buried Total

Storm strand line 14% 7% 9% 4% 1% 1%

Spring high tide line 18% 4% 9% 7% 1% 2%

Recent high tide line 25% 35% 32% 16% 13% 14%

Mid shore 25% 10% 15% 27% 6% 11%

Low shore 18% 44% 36% 46% 78% 72%

Total (m−1 beach) 60 × 103 128 × 103 188 × 103 12.4 mg 47.5 mg 59.9 mg

% total 32% 68% 21% 79%

*Extrapolation factors 195, 238, 836, 1065, and 1096 for the five shore zones from
storm strand line to low shore, based on differences in shore widths (see section
“Materials and Methods” for details).
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FIGURE 3 | The mean length of microfibers from surface (S, 0–12 cm) and
deep (D, 12–24 cm) cores collected at three sites on a beach in the West
Coast National Park, South Africa, in 2017. Bars show 95% confidence
intervals of the mean.

mass of microfibers, and the low and mid-shore accounting for
84% of the mass (Table 4).

Meso- and macro-litter was found in five cores, all from the
top two sample strata: six items in two cores from the storm
strandline, and nine items from three cores from the spring high
tideline. All 15 items were plastic: five macro-plastic fragments
(maximum mass 1.63 g) and 10 meso-plastics (three fragments
of hard plastic, three industrial pellets, three foamed polystyrene
balls and one tiny length of monofilament line). Most (14 of 15)
meso- and macro-litter items were found in deep cores, including
nine meso-plastics. Extrapolating from these data gives a surface
meso-litter density of 2.4 × 102 industrial pellets (5 g) per meter
of beach in the surface 12 cm, which is similar to the amounts
estimated from the meso-litter sieved transects. However, the
deep core meso-litter extrapolates to 1.9 × 103 meso-plastics per
meter of beach with a total mass of 48 g, which is substantially
more than that estimated from the meso-litter sieved transects.

Spatial Pattern
There were significant correlations between both the number
(rs = 0.869, P < 0.02) and mass (rs = 0.885, P < 0.01) of macro-
and meso-litter when we compared the data from the eight paired
1- and 0.5-m transects conducted ∼50 m apart in 2010. Similarly,
there were significant correlations between the number and mass
of macro-litter items on the surface and buried in the 1-m
transects in both 2008 (rs = 0.908, P < 0.001 and 0.893, P < 0.005,
respectively) and 2010 (rs = 0.927 and 0.929, respectively, both
P < 0.005). These results suggest that there is consistent spatial
variation in the density of litter items at a scale of 10s to 100s of
meters along the beach. However, the patterns across years were
less well-defined. Among all 18 1-m macro-litter transects there
were significant relationships between the two depth strata (0–
5 and 5–15 cm) in terms of the number (rs = 0.609, P < 0.01)
and mass of litter items (rs = 0.512, P < 0.05), but only a weak
correlation between the number of litter items on the surface and
buried items (rs = 0.423, one-tailed P < 0.05); this relationship
was not significant for the mass of litter items (rs = 0.333). There
was no evidence of a link between microfiber densities and the
paired meso-litter samples; Transect C had significantly fewer
fibers than Transects A and B, yet was collected immediately
adjacent to the 0.5-m transect with the highest meso-litter load
(Supplementary Table S3).

The Litter Size-Mass Spectrum
Combining the macro and meso-litter data from 2010 with the
micro-litter samples from 2017, the total density is ∼1.9 × 105

anthropogenic particulate pollutants per meter of beach with a
total mass of at least 1.45 kg (Table 5). All estimates are minima
given the sampling limitations listed in Table 5. The number
of items increases exponentially with decreasing particle size
down to a mass of around 10 mg, then there is a large deficit
in the numbers of micro-plastics down to around 1 µg, where
the numbers of microfibers again fit an exponential model of
increasing abundance with decreasing particle size (i.e., a linear
trend on the log scale shown in Figure 4). The mass-frequency
distribution highlights the importance of the small number of
megalitter items in determining the total mass of litter (Figure 4).
Only four items > 10 kg were sampled, yet they contributed the
greatest amount of mass of any size class (Figure 4).

DISCUSSION

Estimating the relative importance of different litter classes across
the full size spectrum required sampling at a range of spatial
scales appropriate to capture items ranging from micro (<1 mm)
to mega (>1 m), spanning 13 orders of magnitude in mass
from < 0.1 µg to 10s of kg (Figure 4). The effective length
of beach surveyed ranged over five orders of magnitude from
200 m for surface macro-litter to only 0.002 m for micro-
plastics (although three core transects represent 0.21 m of beach
length, the five cores per transect represent only 0.9% of the
beach profile). As expected, the maximum item size captured by
each method was directly related to sampling scale (Figure 5).
With hindsight we should have increased the spatial scale of
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TABLE 5 | Estimated numbers and masses of macro-, meso-, and micro-litter per
meter of beach in the West Coast National Park, South Africa, combining data
from 2010 (macro-litter), 2017 (micro-litter) and both years combined (meso-litter).

Litter type Number Mass Sampling biases

n·m−1 % g·m−1 %

Macro-plastic –
surface

15 <0.1% 1200 83% Longer length of
beach needed for
megaplastics

Macro-plastic –
buried

200 <0.1% 85 6% Only sampled to
15 cm; Large items
under-represented

Industrial
pellets

370 0.1% 10 1% Only sampled to
5 cm

Other
meso/micro-
plastics

400 0.2% 5 <1% Only sampled to
5 cm

Microfibers 188 × 103 99.7% <0.1 <<1% Only sampled to
24 cm;
Sample < 1%
beach profile; Filter
mesh 25 µm

Non-plastic
litter

5 <0.1% 150 10% (as macro-plastics
above)

Total 1.9 × 105 m−1 1450 g

Values rounded up given the potential sampling biases listed.

our sampling; had we sampled 10 km of beach for megalitter,
the total mass of litter per meter of beach would likely have
been appreciably higher. Indeed, when we conducted the 50-
m transects for surface macro-litter there was a massive marine
floating buffer stranded about 1 km beyond our sampling area
that weighed > 100 kg.

Integrating data collected at such a wide range of spatial
scales inevitably leads to some gross extrapolation, particularly
from the very small micro-plastic cores. There are also numerous
methodological challenges to using sieves to characterize the
distribution of particle sizes (Filella, 2015). Our replicate samples
indicate varying levels of spatial variation in litter loads, with CVs
mostly ranging from 25 to 80%. At least some of this variation
was the result of consistent, local-scale variation in the abundance
of different litter classes, but with little correlation between
microfibers that were distributed throughout the shoreline and
the larger, more buoyant litter items that were concentrated
along high-shore strandlines. We were also obliged to pool data
from two different years to obtain a picture of the full size
spectrum distribution of litter. Fortunately, the comparisons of
macro- and meso-litter densities showed that variation among
years was similar to that among spatial replicates collected on
the same day. However, when taken together, these factors
mean that our estimate of the total amount of anthropogenic
beach litter is perforce crude, although it appears to be the first
attempt to sample across the full size spectrum of particulate
pollutants across the beach profile. The results should be taken
as largely indicative given the numerous sampling limitations

listed in Table 5, but they give some insight into the relative
abundance and mass of plastic and other pollutants stranding on
a beach with little interference from land-based activities (either
littering or cleaning).

Aggregating the data across all sampling scales gave a total
density of ∼1.9 × 105 anthropogenic particulate pollutants with
a total mass of around 1.45 kg per meter of beach (Table 5). These
are minimum estimates, because we only sampled the upper 15–
20 cm of the beach. Micro-plastics can be mixed down to at least
2 m in beaches (Turra et al., 2014; Chubarenko et al., 2018). To
fully explore the abundance of litter items would therefore require
appreciably deeper sampling than we performed. The density of
macro-litter almost halved (per unit volume) from the top 5 cm
of the beach to the deeper stratum sampled in both 2008 and
2010 (5–15 cm, Supplementary Tables S1, S2). Extrapolating
this rate of decrease suggests that deeper sampling to 1–2 m
might increase the total number of items by 30–50%. The impact
on mass is less marked, because buried litter is much smaller
than surface litter. However, this conclusion might be biased by
our relatively shallow sampling. Elsewhere, we have seen bottles,
crates and other large litter items buried 2–3 m in old beach
sediments exposed by coastal erosion.

We not only failed to dig deep enough, but we also only
sampled 18 m of beach for buried macro-litter; had we sampled a
few 100 m, we might have found some larger buried litter items
as we did when we expanded the search area for surface macro-
litter. However, our mismatch between surface and buried litter
sampling effort was much less than in the seminal study of buried
litter by Kusui and Noda (2003), who sampled roughly 1000 times
more area for surface litter (∼500 m2 per beach) than buried litter
(0.48 m2 per beach). Additional sampling both in terms of depth
and spatial extent is needed to adequately characterize buried
macro-litter, but the marked difference in item sizes between
surface and buried items even within 1-m transects (Table 1)
indicates that buried litter items are a non-random subset of
litter items due to the faster burial of smaller items. We therefore
suspect that comprehensive sampling of buried litter is unlikely
to more than double the number or mass of macro-litter items.

Microfibers accounted for 99.7% of all particulate pollutants
in the study beach. The dominance of microfibers among micro-
plastic samples from beaches along the west coast of South Africa
is well-known (Nel et al., 2017; de Villiers, 2018). The densities
we recorded are slightly lower than those reported by de Villiers
(2018) at Yzerfontein, 15 km south of our study site. She counted
47, 52, and 120 fibers·dm−3 in sand collected from the top
5 cm at the ‘high-level water mark’ on three occasions in 2016–
2017 (S. de Villiers, pers. comm.). If we double our counts
to match the larger sample volume, our three surface counts
for the spring high tide line were 6, 40, and 42 fibers·dm−3,
despite using a finer mesh filter (25 µm) to extract fibers than
the 40 µm mesh used by de Villiers (2018). It is thus unlikely
that our estimates of microfibers are inflated. However, when
we extrapolate across the entire beach profile, the numbers
of fibers completely dwarf other particulate litter items. This
is partly because of their higher densities than larger litter
items, but also because they occur throughout the beach profile,
with little evidence of concentration at high shore strandlines.
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FIGURE 4 | The contributions of macro-, meso, and micro-litter samples to the abundance and mass of plastic litter per meter of beach in the West Coast National
Park, South Africa, pooling data from 2010 and 2017. Note log scales on both axes in both panels, but shading within each size class shows the proportional
contribution of each litter class. Horizontal dashed lines = industrial pellets; white = non-plastic litter.

This presumably reflects their small size relative to the pore
size in sandy beaches, allowing them to infiltrate into beaches
(Chubarenko et al., 2020b) and provides another example of how
microfibers behave differently in the environment from larger
micro-plastic fragments (Suaria et al., 2020).

Previous studies have tended to assume that most, if not
all, microfibers found in beaches are synthetic (e.g., Nel et al.,
2017; de Villiers, 2018). However, Suaria et al. (2020) found
that only 8% of microfibers collected in surface waters at sea
are synthetic, and they are probably best treated as a separate
class of pollutant to micro-plastics. The fibers in our study
(median length 0.52 mm, IQR 0.42–1.02) were roughly half
the length of fibers sampled at sea in the Atlantic Ocean

(median 1.11 mm, IQR 0.71–1.85, Suaria et al., 2020), which
might reflect mechanical degradation in the high-energy beach
environment (Chubarenko et al., 2020a). However, the tendency
for fibers to be longer in deeper sediments (Figure 3) is counter-
intuitive and this pattern needs to be confirmed. We clearly
need a better understanding of the dynamics of microfibers in
natural systems (Suaria et al., 2020), including how fibers are
distributed within beaches and their impacts on beach biota. Yet
despite their overwhelming numerical dominance, microfibers
contribute a vanishingly small amount to the mass of plastic.
To put the mass of microfibers in perspective, the total mass
of microfibers per meter of beach was roughly the same as 2–3
industrial pellets.
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FIGURE 5 | The maximum litter item size (mass) recorded using four different sampling methods to characterize the full size spectrum of litter on a beach in the West
Coast National Park, South Africa. Note the log10 scale on both axes.

Excluding microfibers, plastics accounted for 99.5% of the
number and ∼90% of the mass of particulate pollutants (Table 5).
Non-plastic litter was largely confined to macro-litter, yet plastics
also dominated this size class (Table 5). Some glass and metal
might have been overlooked in the smaller size categories,
because sieving was restricted to the upper shore, whereas
fragments of dense pollutants tend to accumulate lower on the
shoreline. However, this bias is likely to be minor, because such
non-plastics typically arrive at remote beaches as sealed items
(e.g., glass bottles, lightbulbs, aerosol cans), and these items were
minor constituents of the larger macro-litter (Table 2). No glass
or metal fragments were recorded in the visual survey of the low
shore, or in the low shore micro-litter cores. Despite representing
only 2% of litter items, surface macro-litter accounted for ∼90%
of the mass of litter, with much of the remainder contributed by
buried macro-litter. The dominance of macro-plastics in terms
of the total mass of environmental plastics is thus similar to that
recorded for Portuguese beaches (Martins and Sobral, 2011) and
for litter floating at sea (Eriksen et al., 2014; Lebreton et al., 2017).
This finding suggests that in terms of beaches as potential sinks
that might balance the global plastic mass budget, we can largely
ignore micro-plastics.

Global inventories of floating plastics have highlighted the
paucity of micro-plastic particles (<1 mm) floating at sea, based
on the expectation of an exponential increase in abundance with
decreasing particle size due to fragmentation of larger plastic
items (Cózar et al., 2014; Eriksen et al., 2014). Chubarenko et al.
(2018) reported a similar pattern among beach litter, although
they found a paucity of larger items, possibly due to mechanical
beach cleaning at their study site. Superficial examination of
Figure 4 suggests a similar pattern among beach litter at our study
site. The increase in the abundance of litter items is strikingly
linear (on a log-log scale) from megalitter down to around 10 mg
(roughly 1–2 mm, depending on item shape and thickness), with
a paucity of smaller fragments from 10 mg to 1 µg. However,

the composition of litter varies considerably across these size
ranges. Industrial pellets, which are primary micro-plastics (i.e.,
manufactured, not the product of fragmentation) account for
most of the items in the 10–100 mg size class (Figure 4),
and flexible packaging is more prevalent among macro-litter
(Table 2) than meso-litter (Table 3). We believe that, at least
on our study beach, the exponential increase in abundance
with decreasing particle size is largely coincidental. Chubarenko
et al. (2020a) show how rates of mechanical degradation on
beaches differ among polymer types and with item thickness. The
paucity of flexible packaging in the 1–5 mm size range probably
reflects its faster degradation than the thicker, rigid plastic items
that predominate meso-litter samples (together with industrial
pellets). Movement within the beach/sea interface probably also
influences the size-frequency distribution (Chubarenko et al.,
2020b), with more buoyant rigid and foamed plastics more likely
to remain on the upper shore than flexible sheet plastics (Hinata
et al., 2017; van Sebille et al., 2020). The paucity of very small
micro-plastics (<1 mm) other than microfibers might also reflect
a combination of faster degradation and infiltration rates among
small particles.

How does the mass of plastic on our study beach compare
with the prediction of leakage from land-based sources? Jambeck
et al. (2015) estimated that South Africa was the 11th worst
country globally in terms of plastic pollution from land-based
sources, losing some 90–250 × 103 tons of plastic into the sea
in 2010. At least 25% of this is thought to come from Cape
Town (Collins and Hermes, 2019; Weideman et al., 2020), and
the study beach lies in the main downstream stranding plume
for litter emanating from Cape Town’s Table Bay (Collins and
Hermes, 2019). Oceanographic models suggest that ∼20% of
litter in Table Bay strands along the 140 km of coast between Cape
Town and Cape Columbine (Collins and Hermes, 2019). This is a
minimum estimate, because the models were seeded with litter
8–10 km offshore, whereas much litter entering coastal waters
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from rivers and storm drains strands close to their source without
dispersing offshore (Rech et al., 2014; Willis et al., 2017). If the
global model estimate is correct, we’d expect to see an annual
stranding rate of 30–90 kg·m−1, 20–60 times more than the total
standing stock of plastic on the study beach. However, almost
half of the mass of litter at the study beach comes from fishing
and other marine activities, and some of the general rubbish
is also dumped illegally from ships (Ryan et al., 2019). Even at
heavily polluted urban beaches in Cape Town, extrapolated daily
litter accumulation rates are only 0.4–16 kg·m−1

·year−1 (Chitaka
and von Blottnitz, 2019). Perhaps the most likely explanation
for the large discrepancy between the standing stock of beach
litter and the global estimate of land-based leakage is that the
latter is grossly inflated (Ryan, 2020b). Both direct measures of
marine inputs (Weideman et al., 2020) and refined estimates
of solid waste budgets (Verster and Bouwman, 2020) indicate
that Jambeck et al. (2015) overestimate solid waste leakage from
South Africa by roughly an order of magnitude. This concurs
with recent direct measures of river inputs (Castro-Jiménez et al.,
2019; Schöneich-Argent et al., 2020; Vriend et al., 2020) being
several orders of magnitude less than those predicted by global
models (Lebreton et al., 2017; Schmidt et al., 2017). Rather than
seeking to explain the ‘missing’ plastic in the global plastic budget
(Koelmans et al., 2017; Lebreton et al., 2019) perhaps we should
be refining the models that predict plastic leakage.

Of course, the mass of macro-plastic litter on beaches is highly
sensitive to beach cleaning efforts (Ryan et al., 2009). Regular
municipal cleaning of an urban beach in Cape Town reduced the
mass of surface macro-plastic litter by 99% and buried litter by
85% (Ryan, 2020b). This was one of the main motivations for
selecting a remote, uncleaned beach to characterize the number
and mass distribution of stranded litter. The combination of the
high UV levels and mechanical abrasion makes beaches hotspots
for micro-plastic formation (Andrady, 2017; Chubarenko et al.,
2020a), and once macro-plastics break down into micro-plastics
they are much harder to manage. The collection of large litter
items from beaches is therefore a useful stop-gap measure while

we formulate effective steps to prevent plastic leakage into
the environment.
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