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a b s t r a c t

Beach litter accumulation studies are an important method to investigate litter flows to the marine
environment. We detail a standing stock and daily accumulation study, conducted at two locations
approximately 20 km north (uMhlanga) and south (Amanzimtoti) of the Port of Durban, South Africa.
The materials collected were dominated in number by plastic, which constituted more than 90% of
all items found during the surveys. Accumulation ranged from 134 to 719 items 100 m−1 d−1, falling
within the range of similar studies in South Africa. Accumulation weights (wet and uncleaned, WU)
ranged from 0.10 to 2.49 kg per day. Between the two sites, standing stock per 100 m ranged between
921 to 1534 items, and between 1.06 to 4. 03 kg(WU). Overall, higher litter loads were observed at
Amanzimtoti beach compared to uMhlanga beach. Our statistical modelling showed that litter numbers
varied by beach, whether collection was above or below high tide and the amount of rainfall. At
Amanzimtoti, more litter was found above the tide line throughout the study, but at uMhlanga, this
was only true for the first part of the study. Analysis of the types of litter found between beaches,
suggest different sources of litter that could be used to tailor waste management solutions in each local
area. Greater numbers of cotton bud sticks found at uMhlanga, suggests sewage treatment outputs
contribute to the litter loads in this area, while large amount of linoleum flooring fragments found at
Amanzimtoti suggest construction could be the source.

© 2022 Published by Elsevier B.V.
1. Introduction

Marine litter is defined as ‘any persistent, manufactured or
rocessed solid material discarded, disposed of or abandoned in
he marine and coastal environment’ (GESAMP, 2019) and is well
ecognised to be a global issue in all marine environments (Barnes
t al., 2009). Marine litter is classified into several categories;
ano (<50 µm), micro (50 µm–5 mm), meso (5 mm–2.5 cm),
nd macro litter (2.5 cm–1 m) (GESAMP, 2019) and poses serious
nvironmental threats to marine life (Gall and Thompson, 2015).
n addition to environmental impacts, marine litter presents an-
hropogenic threats, including risks to human health (Barboza
t al., 2018; Smith et al., 2018; Campanale et al., 2020; Naidoo
nd Rajkaran, 2020) and economic impacts to sectors such as
ourism and fisheries (Mouat et al., 2010; Newman et al., 2015;
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UN Environment, 2017; Arabi and Nahman, 2020). Plastic is the
most abundant component of marine litter due to its wide-scale
use, durability, lightweight and buoyant properties (Barnes et al.,
2009; Thiel et al., 2013; Galgani et al., 2015). The increase in
world population (Lutz et al., 2017) and the consequent increased
demand for goods by markets worldwide has led to a substantial
surge in plastic production (PlasticsEurope, 2019). This rise in the
abundance of plastic items used and discarded, especially in the
coastal areas where the population is increasing more quickly
(Jambeck et al., 2015), is often not matched by adequate waste
management systems (Wilson et al., 2015; AfDB, UNEP and GRID-
Arendal, 2020). Without adequate systems, waste leaks out of
the official disposal pathway and ends up in the environment,
providing a major input of marine litter from land (Jambeck et al.,
2015).

The issue of marine litter in South Africa is relatively well
understood, due to availability of data spanning over 30 years
(Ryan, 1987; Shaughnessy, 1980). The scope of previous studies

is wide and includes the analysis of abundance and composition
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f marine litter (Ryan and Moloney, 1990; Naidoo et al., 2015),
ts dispersion (Fazey and Ryan, 2016), the estimation of accumu-
ation rates (Ryan et al., 2014), litter on the seafloor (Ryan et al.,
020b), microplastics dispersal rates (Nel et al., 2017; Collins and
ermes, 2019), effects on biota (Ryan, 1987; Cliff et al., 2002;
yan et al., 2016a,b; Ross, 2017; Witteveen et al., 2017; Naidoo
nd Glassom, 2019a; Naidoo et al., 2020), as well as estuarine
Naidoo et al., 2015) and stormwater drain litter assessments
Armitage and Rooseboom, 2000; Weideman et al., 2020). Despite
arlier studies suggesting that oceanic currents play an important
ole in marine litter levels in South Africa (Ryan and Moloney,
990), recent findings suggest that proximity to urban centres
ncreases the amount of plastic litter on beaches in South Africa
Ryan et al., 2009, 2018; Naidoo et al., 2015), highlighting large
ities as areas of interest to study waste inputs leading to marine
itter. More recently, five review papers were published to sum-
arise the current knowledge and the outstanding research gaps
n marine litter in South Africa including: land-based sources and
athways into the marine environment (Verster and Bouwman,
020), transport and fate of plastics in the marine environment
Ryan et al., 2020a), impacts on biota and implications on human
ealth (Naidoo et al., 2020), impacts on ecosystem services and
he economy (Arabi and Nahman, 2020), as well as a detailed
nalysis on how to monitor marine litter, depending on the aim of
he study (Ryan, 2020). A recurring conclusion of these studies is
hat significant knowledge exists in South Africa to take effective
nd immediate action on tackling marine litter.
Monitoring is used to understand the impact of mitigation

trategies and further research studies are necessary to close
he knowledge gaps. Beaches provide a useful deposition area
o study marine litter and are commonly used in quantification
nd characterisation studies (Ryan et al., 2009). In South Africa,
each surveys have been conducted using several protocols and
requencies (Ryan et al., 2014), which have been shown to pro-
uce significantly different results for the same site (Ryan et al.,
009, 2014; Ribic et al., 2010, 2012). Infrequent analysis measures
he ‘standing stock’ of marine litter on a beach and represents
he amount of litter accumulating over a sustained period at the
urveyed site. This snapshot masks the daily fluxes of litter from
and and sea-based sources, as well as export of litter through
actors such as wind and wave removal, burial, degradation and
lean-ups (GESAMP, 2019). In contrast, when the same site is sur-
eyed frequently, the removal rates are limited and, therefore, the
ccumulation rate more closely represents the loading rate (abun-
ance of marine litter arriving at the site per unit time) (Smith
nd Markic, 2013; GESAMP, 2019; Ryan et al., 2020a). The ma-
ority of macro litter studies in South Africa have occurred along
he western (Western Cape) and southern (Eastern Cape) coasts
Madzena and Lasiak, 1997; Ryan et al., 2018; Chitaka and von
lottnitz, 2019); beaches along the eastern coastline (KwaZulu-
atal) are included in two studies (Ryan et al., 2018, 2020a). This
tudy was conducted to better understand both standing stock
nd daily litter fluxes around KwaZulu-Natal’s largest population
entres, in the coastal municipality of eThekwini.

. Methods

ampling locations
The eThekwini municipality has a population of over 3.7 mil-

ion (STATS SA, 2018) and is the third most populous city in South
frica (Sawe, 2019). The Port of Durban falls within the eThekwini
unicipality and is the busiest port in Sub-Saharan Africa and an

mportant area for tourism. Two beaches, Amanzimtoti and uMh-
anga, about 25 km north and 25 km south of the Port of Durban
ere chosen for this study (Fig. 1). uMhlanga and Amanzimtoti
re both urbanised areas with beaches that are heavily utilised for
2

recreation year-round but with popularity increasing during the
summer. To minimise the influence of beach users and municipal
cleanings in this study, the two selected sites were intentionally
far from the main swimming beaches. Exact GPS locations of
the survey transects are included in Fig. 1. Relevant municipal
authorities were approached to gather background information
on cleaning, to request that the sites remained untouched during
the study, to inform locals and to provide proof of permits to carry
out this study. The authors noted no, or minimal interference of
the study site through municipal cleaning. Members of the public
were present throughout the study, but did not appear to interact
with the marine litter or ongoing study. No signage was placed to
further minimise public interference with the site.

Amanzimtoti covers an area of 9.19 km2 and has a popula-
tion of 13 813 (STATS SA, 2011). The beach is a sandy beach,
stretching from the Amanzimtoti estuary in the south, to the
eziMbokodweni estuary in the north. The beach is characterised
by a gentle slope (estimated average slope of 30 degrees), with
dune vegetation and housing developments behind the back of
the beach. The average width during sampling was 70 m from the
back of the beach to the low tide line. uMhlanga covers a greater
area (16.75 km2) and has a population of 24 238 (STATS SA,
2011). Similarly, uMhlanga beach is a sandy beach that stretches
from the populated area around uMhlanga Rocks (and the main
swimming beach) in the south, to the oHlanga estuary in the
north (Forbes and Demetriades, 2008). The beach also has a gentle
slope (estimated at around 20 degrees), with vegetation at the
back of the beach that forms a wildlife reserve, eventually leading
to housing developments. The average width during our sampling
period was 40 m from the back of the beach to the low tide line.
Both Amanzimtoti and uMhlanga are categorised as reflective
beaches, characterised by coarse sand with a surf zone and one
to two sandbars (Cooper, 1995; Nel et al., 2017). The sampling
occurred during an increasing tidal range (see Supplementary
Information for more detail).

Meteorology and Hydrography
The eThekwini municipality coastline has two dominant pre-

vailing wind directions, from the north-east and from the south-
west. The north-easterly (NE) wind is associated with settled
weather, while the south-westerly (SW) is associated with more
inclement weather and greater wave action (Tyson and Preston-
Whyte, 2000). The prevailing Agulhas Current runs in a south-
westerly direction along South Africa’s eastern coastline. Closer
inshore, due to a bathymetric feature to the north of Durban,
termed the ‘KZN Bight’, the current moves offshore around 40–
50 km and a north-wards flow is evident inshore of the main
current off Durban (Schumann et al., 2019). Intermittently, the
north- easterly flow is also observed to the south of Durban,
a feature known as the ‘Durban eddy’, paired with northwards
longshore drift (Guastella and Roberts, 2016; Roberts et al., 2016).
Tidal heights and times (South African Hydrographic Office, 2019)
wind direction, wind speed and rainfall data were obtained for
the sampling period for Amanzimtoti (Durban South Athlone
weather station) and uMhlanga (Virginia weather station) (South
African Weather Service, 2021). Wind data were categorised into
the two predominant wind directions for Durban and assigned
daily, based on the dominant direction. The wind speed (knots)
was averaged for each day of the study for inclusion in the model.
Hourly rainfall data for Durban (South African Weather Service,
2021) were totalised to a value of mm/day.

Data collection
In September 2019, beach litter above 5 mm in size were

collected, categorised and weighed in a standing stock and daily
accumulation study along 100 m stretches at each site. The first
two surveys at each site (10th and 21st September for uMhlanga,
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Fig. 1. Survey locations for marine litter standing stock and accumulation study along the Kwa-Zulu Natal coastline (1:250,000). Transect locations (1:10,000):
manzimtoti SOL: −30.04326, 30.89662 EOL: −30.04256, 30.89732 uMhlanga SOL: −29.70848, 31.09746 EOL: 29.70772, 31.098.
nd 14th and 20th September for Amanzimtoti) were standing
tock assessments of beach litter, which were followed by a 9 and
0-day stretch of daily surveys for Amanzimtoti and uMhlanga,
espectively (variation in duration was due to field-working con-
traints). The categories of litter used were based on the OSPAR
ethodology (OSPAR Commission, 2010) to align with similar
tudies (OSPAR, 2017; Binetti et al., 2020), with modifications
o allow for comparisons with pre-existing macro litter studies
n South Africa undertaken in the WIOMSA region (Barnardo
nd Ribbink, 2020). The categories are designed to distinguish
aterials (e.g. plastic) but also litter usage (e.g. sanitary). The data
ere collected in two zones: from, and including on, the high tide

ine to the back of the beach; and from the high tide line to the
ater (Fig. 2). This allows for global comparison of data sets using
he OSPAR methodology where litter is collected only from the
igh tide line to the back of the beach and with data collected in
revious accumulation studies in the region (Ryan et al., 2014),
his also aligns with the methodology now set out by Barnardo
nd Ribbink (2020). A 5 m buffer zone was designated either side
f the 100 m stretch and cleared of all visible litter (>5 mm) on
ay 1 of the daily accumulation study to minimise the amount
f wind-blown litter impinging on the study area throughout the
tudy. GPS points were marked each day at 25 m intervals, along
he back of the beach, the high tide line and the waterline, with
easurements recorded between each point in Fig. 2, including
each width and area to examine tidal dynamics throughout the
tudy. The surveys were carried out during an out-going tide
nd timed to be completed around low tide each day. Following
he OPSAR protocol (OSPAR Commission, 2010), items were not
leaned nor dried prior to weighing. Scales for the standing stock
ere accurate to 5 g whereas, a change in the scales for daily
ccumulation, ensured the weights were accurate to 1 g.
3

Statistical Modelling
For the modelling described below, total litter counts were

analysed. However, due to the potential influence of both wind
and tides, litter categories were sub-classified as ‘heavy’ (>5 g) or
‘light’ (≤5 g) based on the mean (wet and uncleaned, WU) weight
of litter category items from the standing stock and accumulation
surveys. The 5 g cut-off was chosen to represent the weight
at which items collected did not register on the scales used in
the field for the standing stock surveys. On this basis, 30 litter
categories were classified as heavy, and 85 as light and density
ranges were estimated retrospectively for each category (Table
S1).

A linear model was used to determine the relationships be-
tween total litter (TL) counts and seven potential explanatory
variables: Rainfall (R); Wind direction (WD) sub-divided into north
-easterly (NE) and south-westerly (SW); Wind speed (WS); Day
of study (D); Beach (B); Area surveyed (A); and Tide (T) classified
as above or below the high tide line. Thus, when all explanatory
variables are included, our linear models are of the form in
Eq. (1):

TL = f (R,WD,WS,D, B, T , A) + error, (1)

where the error is assumed to be normally distributed with mean
0 and constant variance, and f() denotes a linear function of the
explanatory variables. For models that involved day of study (D),
modelling was done using the Generalised Additive Modelling
(GAM) function gam (Woods, 2017), where day of study was
represented by a smoothing spline, with a maximum of four
degrees of freedom.

All modelling was carried out in R (R Core Team, 2019). All
combinations of the explanatory variables were fitted into the
model and the Akaike’s Information Criterion (AIC) was used to
judge the adequacy of the models (small values of AIC indicating
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Fig. 2. Diagram showing sampling design for marine litter accumulation study, showing areas above and below high tide line and buffer zones used for clearing on
day 1 of the accumulation study.
better models). Although the total litter variable is not contin-
uous, the count values were sufficiently high (overall mean =

24 Items 100 m−1 d−1) for them to be considered as a good
pproximation to continuous. Residuals from the model fitting
ere found to follow the Normality assumption closely.

. Results

tanding stock
Two surveys were completed at each site to determine the

tanding stock of litter at each site, prior to the accumulation
tudy. These surveys removed between 921 and 1534 items from
he sites, with the total (WU) weight of litter items removed at
ndividual surveys ranging between 1.06 and 4.03 kg (Table 1).
he high total weight values were skewed by large single items,
rimarily in the wood category. A greater number of items were
ollected from Amanzimtoti than uMhlanga, with 1347 and 1534
tems collected at each survey at Amanzimtoti, and 1005 and
21 items collected at uMhlanga. The most common material
as plastics, which constituted over 90% of the items during
ach survey, followed by paper (1.3–4.5%) and sanitary (1.4–4.5%)
aste categories.
The ‘top ten’ beach litter items were calculated from the

tanding stock surveys and reveal the common litter items found
n these locations, along with the mean weight of an item in
ach category (Table 2). The most frequent item found at both
ites were small pieces of plastic between 0.5–2.5 cm in length,
epresenting meso litter, with an average weight of 2 g. Also
ommonly found at both locations were plastic fragments 5–
0 cm with a total weight of 18 g. The ‘other plastic’ category
as commonly found at both sites, but at Amanzimtoti, it was
oted that this category was dominated by a large amount of
inoleum flooring fragments. While the ‘other plastic’ category
as commonly found at uMhlanga, linoleum was not observed at
his location. While some litter categories were commonly found
n both beaches, such as food packs and trays and burnt plastic,
here were different categories found in each top ten litter items
f the two sites. More cigarette butts were found at Amanzimtoti
4

than uMhlanga, where they did not feature in the top ten litter
items. Conversely, sweet packets were found in the top ten items
for uMhlanga, but not for Amanzimtoti.

Daily accumulation
Accumulation rates observed during this study ranged from

134 to 719 items 100 m−1 day−1, with the total (WU) weight of
litter items removed at individual surveys ranging between 0.10
to 2.50 kg (Table 1). Similarly to the standing stock survey, a few
large and/or heavy items, such as pieces of wet wood, skewed
the recorded weights. The mean accumulation rates for the whole
beach area were higher at Amanzimtoti (543 items 100 m−1 d−1)
than uMhlanga (340 items 100 m−1 d−1). The number of litter
items recorded on each accumulation study day was lower than
the standing stock data for both sites, but fluctuated through
the nine and ten-day period, with a higher variance at uMhlanga
(SDuMhlanga = 170; SDAmanzimtoti = 149).

A higher number of litter items accumulated above the high
tide line at Amanzimtoti (MeanAmanzimtoti = 350 items 100 m−1

d−1, MeanuMhlanga = 216 items 100 m−1 d−1) compared to below
the high tide line (MeanAmanzimtoti = 193 items 100 m−1 d−1

MeanuMhlanga = 123 items 100 m−1 d−1), as presented in Fig. 3.
The material composition of the items was dominated by

plastic, which constituted 88%–97% for Amanzimtoti, and 87%–
96% for uMhlanga (Table 1), followed by paper (1.5%-3.5% at
Amanzimtoti and 0.7–5.9% at uMhlanga) and Sanitary items (0.7–
6.6% at Amanzimtoti and 1.0%-4.0% at uMhlanga). Plastic pieces
(0–2.5 cm) were commonly observed items on both beaches
during the accumulation study (Table 2). However, notable dif-
ferences between the two sites over the daily accumulation study
was the presence of cotton bud sticks in uMhlanga’s top items
(ranked fifth), with their absence from Amanzimtoti’s top 10
items (Table 2). An additional point of interest is that caps/lids
from soda drinks appear higher on the daily accumulation rate
top 10 (ranked 6) in uMhlanga compared to Amanzimtoti (Ranked
10) (Table 2).

Fig. 4a and 4b show the similarity in the pattern of accumu-
lation throughout the study between the two sites, suggesting

that some external factors, such as weather, affect both sites
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Table 1
Percentage contribution of material category using the OSPAR Methodology (OSPAR Commission, 2010) by number of marine litter surveys by date
(grey cells indicate surveys used for standing stock estimation) at Amanzimtoti and uMhlanga per 100 m survey with total number of litter items
collected and total weight (kg). An asterisk (*) indicates when a large anomalous weight was excluded and the corresponding category.
Table 2
Top ten litter items classified from standing stock surveys with number of items and rank in brackets from each day of the daily accumulation study and mean
weight of each item in these categories.
Rank uMhlanga Mean

weighta (g)
21/09 22/09 23/09 24/09 25/09 26/09 27/09 28/09 29/09 30/09

1 Plastic pieces 0–2.5 cm 2 65 (1) 77 (1) 254 (1) 79 (1) 78 (1) 20 (1) 12 (1) 19 (1) 31 (1)
2 Plastic pieces 2.5–50 cm 18 7 (8) 18 (5) 37 (4) 28 (2) 19 (2) 5 (4) 2 (13) 2 (12) 3 (10)
3 Foam sponge Food packs and trays 2.5–50 cm 7 21 (3) 25 (2) 45 (3) 14 (3) 15 (3) 4 (6) 6 (2) 12 (2) 11 (2)
4 Burnt plastic 17 24 (2) 20 (3) 53 (2) 8 (6) 5 (10) 1 (20) 0 (106) 1 (17) 4 (7)
5 Cotton bud sticks 5 4 (13) 1 (33) 25 (5) 6 (10) 6 (8) 1 (20) 2 (13) 0 (105) 1 (23)
6 Caps/lids (soda drinks) 10 7 (8) 14 (7) 17 (9) 1 (36) 4 (14) 1 (20) 0 (106) 2 (12) 0 (110)
7 Other plastic 7 8 (6) 2 (22) 18 (7) 3 (19) 4 (14) 2 (11) 4 (4) 0 (105) 2 (13)
8 Foam sponge Food packs and trays 0–2.5 cm 1 15 (4) 20 (3) 18 (7) 10 (4) 8 (4) 12 (2) 6 (2) 8 (3) 7 (4)
9 Caps/lids (other) 20 8 (6) 7 (11) 23 (6) 6 (10) 8 (4) 1 (20) 2 (13) 1 (17) 1 (23)
10 Sweet packets 8 2 (19) 5 (14) 12 (14) 6 (10) 3 (19) 2 (11) 0 (106) 1 (17) 1 (23)

Amanzimtoti

1 Plastic pieces 0–2.5 cm 2 98 (1) 65 (1) 100 (1) 226 (1) 144 (1) 137 (1) 108 (1) 137 (1) 135 (1) 142 (1)
2 Other plastic 7 51 (2) 32 (3) 43 (2) 83 (2) 70 (2) 71 (2) 60 (2) 52 (2) 54 (2) 87 (2)
3 Plastic pieces 2.5–50 cm 18 15 (5) 42 (2) 21 (3) 31 (4) 10 (4) 11 (4) 0 (107) 7 (9) 9 (6) 25 (4)
4 Burnt plastic 17 18 (4) 14 (5) 12 (6) 40 (3) 21 (3) 18 (3) 18 (4) 26 (4) 24 (4) 15 (6)
5 Foam sponge Food packs and trays 0–2.5 cm 1 30 (3) 23 (4) 17 (4) 17 (5) 5 (10) 9 (6) 36 (3) 44 (3) 47 (3) 42 (3)
6 Caps/lids (other) 20 3 (19) 3 (12) 11 (7) 11 (10) 2 (18) 2 (16) 1 (22) 4 (13) 2 (21) 8 (11)
7 Plastic bottle labels 5 6 (11) 3 (12) 9 (9) 8 (13) 6 (8) 3 (13) 0 (107) 2 (20) 3 (14) 6 (15)
8 Cap rings (Plastic) 4 4 (16) 3 (12) 4 (16) 16 (6) 10 (4) 7 (8) 2 (14) 1 (31) 3 (14) 7 (13)
9 Cigarette butts 4 11 (7) 1 (20) 7 (11) 13 (8) 5 (10) 6 (9) 3 (9) 9 (5) 4 (11) 8 (11)
10 Caps/lids (soda drinks) 10 2 (24) 4 (8) 7 (11) 0 (117) 8 (6) 11 (4) 11 (5) 9 (5) 9 (6) 12 (7)

aMean weight of litter categories calculated from all surveys.
simultaneously. The peak in litter items in the above high tide
area is seen on 24th September on both beaches, as well as the
subsequent drop in litter items the following day. From this day
onwards accumulation rates drop in the above high tide line area
at uMhlanga, but not at Amanzimtoti (Fig. 3a). The area below the
tide line shows similar patterns in accumulation between beaches
(Fig. 3b)

Meteorology
The weather during this study was mild. A south-westerly

ind was dominant, apart from the period between 26th–29th
eptember when the wind came from the north-east (Table 3).
he wind speed was generally less than 5 m/s but peaked up to
5

19 m/s in Amanzimtoti. Wind speeds were generally higher at
Amanzimtoti, than uMhlanga. Light rain was experienced during
the study on days 22nd, 24th, 25th and 30th September, with a
maximum of 7 mm rain recorded in a day (Table 3).

Statistical modelling
Table 4 gives a summary of the AIC values for a succession of

linear models fitted with total litter as the dependent variable.
Model 1 uses all seven explanatory variables. Models 2 and 3
successively drop the explanatory variables Wind Direction and
Windspeed. These models all result in higher AIC values than
model 1, indicating that neither of these variables are important
explainers of Total litter. However, dropping Rainfall in Model 4
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Fig. 3. Accumulation rates of marine litter at two sites on the KwaZulu-Natal Coast: a. Accumulation rates of litter items from the high-tide line to the back of the
beach b. Accumulation rates of litter items from the high-tide line to the water line.
Fig. 4. (a) Mean total heavy (>0.005 kg) and (b) Mean total light (≤0.005 kg) litter Items recorded during daily accumulation study in September 2019 at two sites;
uMhlanga and Amanzimtoti. Means are per m2 of survey area. Large black dots represent days when the wind was from the north east.
results in a small increase in AIC compared to Model 3, suggesting
that Rainfall is a marginally important explainer of variations in
Total Litter (more rainfall implies more litter). The AIC for Model
5 shows that Day is unimportant. Models 6 to 8, however, show
that Area (area of the beach calculated from GPS points), Beach
(Amanzimtoti or uMhlanga) and Tide (whether the litter was
collected from the water line to the high tide line or from the high
tide line to the back of the beach) are important, as models with-
out these variables show an increase in AIC compared to Model
5. Models 9 and 10 show that both the Beach × Tide interaction
and the Area × Tide interaction are important. The model with the
lowest AIC value is model 10 and includes both interaction terms.
Further investigation of the Area × Tide interaction suggested that
there is a relationship between Area and Total Litter in the area
6

from the water line to the high tide line, but not from the high
tide line to the back of the beach.

The plots of means for the heavy (>5 g) and light (≤5 g) items
are shown in Fig. 4. The heavy items mean shows more variability
in accumulation rates, reflecting the fact that there are more light
items (8273) than heavy items (222) (overall mean of 0.983 items
per m−2 compared to the heavy items mean of 0.026 items per
m−2). Heavy items constituted materials such as wet wood and
high-density plastics (Table S1). The plot of the light items shows
similar patterns between the two beaches and is almost identical
to the total litter items in Fig. 3. A modelling analysis on the light
items produced very similar results as for total litter items. The
heavy items, however, (Fig. 4) show a different pattern to total
litter items; from 26th September, the litter load of heavy items
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Table 3
Meteorological data for the period of the study (South African Weather Service, 2021).

Amanzimtoti (Durban South Athlone Park weather station) Umhlanga (Virginia weather station)

Rainfall (mm) Windspeed
daily average
(m/s)

Max daily wind
speed (m/s)

Approximated
predominant
wind direction

Rainfall (mm) Wind speed
daily average
(m/s)

Max daily wind
speed

Approximated
predominant
wind direction

10/09/2021 0 2.5 9.6 NE
14/09/2021 0 2.6 7.1 SW
2009/2021 0 3.8 13.3 NE
2109/2021 0 3.4 12.8 SW 0 2.3 10 SW
2209/2021 0.2 6.1 15.8 SW 0 3.6 13.4 SW
2309/2021 0 6.7 19.3 SW 0 4.1 16.1 SW
2409/2021 3.4 4.8 19.9 SW 6 3.1 15.1 SW
2509/2021 6.8 6 19.6 SW 4.8 4.2 14.2 SW
2609/2021 0 4 10.7 NE 0 3.5 10.8 NE
2709/2021 0 4 11.9 NE 0 3.6 12.3 NE
2809/2021 0 3.8 10.8 NE 0 3.1 9.6 NE
2909/2021 0 4 20 NE 0 3.2 15 NE
3009/2021 1.8 7.1 21.5 SW 2.2 3.9 17.4 SW
Table 4
Outputs of modelling, using different variables to explore effects on total litter. AIC (Akaike Information Criterion) estimates error in the fit of the model. A further
column gives the change in AIC relative to model 1.
Model Explanatory variables in model AIC Model term being

evaluated
Reduction in AIC
(reference model in
brackets)

1 Windspeed+ Wind direction + Day + Beach + Tide + Rainfall + Area 477.0
2 Windspeed+ Day + Beach + Tide + Rainfall + Area 475.6 Wind direction +1.4 (1)
3 Day + Beach + Tide + Rainfall + Area 474.2 Windspeed +1.4 (2)
4 Day + Beach + Tide + Area 475.7 Rainfall −1.5 (3)
5 Beach + Tide + Area + Rainfall 472.3 Day +3.4 (4)
6 Beach + Tide + Rainfall 481.7 Area −9.4 (5)
7 Tide + Area + Rainfall 478.4 Beach −6.1 (5)
8 Beach + Area + Rainfall 486.7 Tide −14.4 (5)
9 Beach + Tide + Area + Rainfall + Beach.Tide 461.7 Beach.Tide −10.6 (5)
10 Beach + Tide + Area + Rainfall + Beach.Tide + Area.Tide 458.8 Area.Tide −2.9 (9)
11 Beach + Tide + Area + Beach.Tide + Area.Tide + Area. Beach 460.5 Area. Beach +1.7 (10)
at Amanzimtoti are virtually identical above and below the tide
line.

4. Discussion

Accumulation studies provide a useful indication of the daily
oad arriving at a particular location (Smith and Markic, 2013;
ershaw et al. 2019; Ryan et al., 2020a). Higher litter loads were
onsistently recorded above the high tide line during this study,
ith our model showing area of beach surveyed was an important

actor to explain litter loads. This has several possible explana-
ions. The first possibility is that most of the litter in this area
riginates from beach users. The study recorded a large number
f litter item types that may have originated directly from beach
sers, such as sweet wrappers and cigarette butts, especially
etween the high tide line and the back of the beach. Future
wareness campaigns could target the common items found on
ach beach to enlighten beach users to minimise these effects
Silva et al., 2016; Wilson and Verlis, 2017; Araújo et al., 2018).
he correlation between the accumulation patterns of the two
ites is stronger for the area from the high tide line to water,
uggesting that the area between the high tide line and the back
f the beach is influenced by factors that are site-specific. One
actor is human interactions such as beach users dropping and/or
emoving litter items; however, no data on human presence were
ollected as part of this study. The recent South African marine
itter monitoring guide (Barnardo and Ribbink, 2020), as well as
yan et al. (2020a), suggest asking the public to stay out of the
onitoring area. Our results confirm this to be an important as-
ect for future studies, although compliance is difficult to monitor
r enforce. The second hypothesis to explain greater differences
etween the two sites above the high tide line is that the litter
7

washed ashore is transported above the high tide line by the
wind. This possibility in our study is evidenced by the differences
between heavy and light items, and the pattern in which they
accumulated between the two beaches. In an attempt to under-
stand the natural movement of marine litter using the model, no
effort was made to clean items of sand or natural material before
weighing consequently some items recorded as heavy might be
much lighter in their original state, but not in the environment
where they have been deposited at the time of collection. Ex-
amples include plastic bags and bottles, which are originally
very light and will be easily affected by wind and waves. Once
these items are partially buried in the sand, especially if they
are also wet, their turnover rate is likely to be affected. Dense
litter items are underrepresented on South African beaches due to
their properties and are likely to deposit elsewhere, for instance
on the seafloor (Ryan, 2020). A further explanation to why more
litter items were consistently found above the high tide line, is
that a large amount of litter is present buried in this area and
footfall caused by beach goers, or sand movement by wind caused
this litter to become exposed throughout the study. While this
is possible, observations during the survey period did not record
either significant footfall or high wind speeds to deem this option
likely.

Variables such as wind speed and direction, temperature and
rainfall, help to understand environmental effects on litter loads
(Eriksen et al., 2014). Consideration of wind direction is particu-
larly important during a daily accumulation study as wind stress
and the resulting localised wave heights and patterns can affect
litter pathways. Wind direction was averaged for inclusion in the
model where a single value was required for each day, which
might have overlooked some fine scale changes in direction dur-
ing the study. Despite variations in windspeed between sites, no
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ffect was seen by the windspeed variable in the model on litter
oads. The length of this study makes picking up meteorological
ffects of litter deposition difficult to detect as periods of sus-
ained winds, rather than day-to-day fluctuations, are important
n litter accumulation (Schumann et al., 2019). Detecting correla-
ions in litter loads during an interval with mixed wind directions
e.g. both offshore and onshore) was not found to be possible
n previous studies (Turrel, 2018). There were low precipitation
mounts seen during the peaks of litter (22nd, 24th, 25th and
0th) of the daily accumulation day study (Fig. 1). The statistical
odelling carried out found rainfall to be an explanatory variable

o explain litter loads, however rainfall was light during this
tudy with minimal effect was seen on the beaches, unlike the
pisodic flooding experienced in summer months in KwaZulu-
atal, resulting in large volumes of litter on beaches (Naidoo and
lassom, 2019b).
Plastic was the dominant litter type collected in this study

nd is consistent with other studies in South Africa (Ryan et al.,
018; Chitaka and von Blottnitz, 2019) as well as globally (Coe
nd Rogers, 1997; Wilson et al., 2015). The large quantity of small
lastic items (0–2.5 cm) found in this study poses a particular
hreat to the environment. Their removal is more challenging
han that of larger items as their size makes them more likely
o get buried in the sand (Turra et al., 2014). Their sizes also
ake estimating changes in abundance more difficult as they are

ikely to be missed in surveys (Ryan et al., 2009). The sources of
hese large quantities of small plastics is not easy to determine,
lthough distinctions between litter categories in the two beaches
n this study suggest different drivers of small plastic items.
xamples of this include the large amounts of laminate flooring
ragments found at Amanzimtoti suggests illegal dumping of con-
truction waste nearby and the greater amount of cotton buds at
mhlanga could suggest insufficient local water treatment.
This study recorded higher accumulations of litter at Amanz-

mtoti beach than at uMhlanga beach, with our model results
howing beach surveyed had an important effect on litter load.
his finding aligns with the classification by Forbes and Deme-
riades (2008), where the Amanzimtoti and eziMbokodweni es-
uaries that surround Amanzimtoti beach were both classified as
eing at high risk of litter, whereas the same assessment classified
he Ohlanga estuary, adjacent to uMhlanga beach as ‘low’ risk of
itter. Although oceanic sources of litter that have travelled great
istances do form part of the litter loads of beaches, the Agul-
as Current known to carry plastics towards the Western Cape
Ryan, 1987; Schumann et al., 2019), runs offshore by Durban
Guastella and Roberts, 2016) and it is likely that these loads
re secondary to the loads originating from the KwaZulu-Natal
oastline through riverine inputs and direct beach littering (Ryan
t al., 2009, 2018; Naidoo et al., 2015). Near-shore water move-
ent off the KwaZulu-Natal coastline varies with a northward
asterly current to the north of the port of Durban (Guastella
nd Roberts, 2016), and predominantly southerly off Amanzimtoti
Naidoo and Glassom, 2019b), meaning that any effects from the
ort of Durban is likely to be complex and difficult to draw any
onclusions on effects on litter loads.
Though Ryan et al. (2021), shows that foreign bottles con-

ribute to marine litter found on South African shores through
oth illegal dumping from ships, as well as, long-distance drift
rom southeast Asia. The primary source of marine litter near
outh African urban areas has been identified as nearby ur-
an centres (Naidoo et al., 2015; Ryan et al., 2018) so it is
mportant to examine information about the study site’s locality.
ensus records show that the population densities at uMhlanga
1447 people/km2) and Amanzimtoti (1503 people/km2) (STATS
SA, 2011) are similar, with uMhlanga having a higher overall total

population (13 813 and 24 238 for Amanzimtoti and uMhlanga i

8

respectively), suggesting that higher litter loads at Amanzimtoti
are not due to greater influence from higher population numbers.
Other factors that could influence land driven litter loads between
sites, but that are not fully explored in this study are proximity
to industrial sites, as well as proportion of the population living
in informal settlements with insufficient waste collection and
water treatment facilities. It is acknowledged that insufficient
service delivery to informal settlements is a source of marine
litter (Verster and Bouwman, 2020) and some evidence from
this study might relate to the socio-economic position of nearby
communities. uMhlanga has items such as cotton bud sticks,
commonly found items more utilised by more communities of
a more affluent group, whereas these items are either absent or
found less frequently at Amanzimtoti.

Limitations of this study design must be noted, including the
short timespan between the two ‘standing stock’ surveys. The
fact that the period between surveys differed between sites must
also be noted. Despite this, the consistent result of higher loads
experienced at Amanzimtoti still allows us to draw conclusions.
Another major limitation that must be noted that the scales
available for part of the study did not provide readings below
5 g, although this was rectified for the accumulation surveys.
This means that the analysis of standing stock focuses mostly on
litter items, rather than weight. As this study used the OSPAR
methodology to categorise the litter collection, there was no
quantification of meso-litter. Future studies need to be aware of
the importance of excluding the meso litter during collection,
rather following protocols such as those set out in Barnardo and
Ribbink (2020), and may need to consider additional methodolo-
gies to monitor the smaller size fractions (mesolitter), such as
using quadrats.

Our methodology used average (WU) weights of litter items,
which allows consideration of factors in the natural environment
but does mean that weights presented here may be heavier than
some studies. Under our methodology, all items that fit into the
top 10 items are classified as ‘‘light’’ in weight (S1, Table S1), but
have approximate densities both above and below the density of
seawater (1.02 g/cm3) (S1, Table S1). Looking at the approximate
averaged densities in relation to seawater (S1, Table S1), the
weight classification of ‘‘heavy’’ categories makes up a greater
share of the items denser than seawater (33% for >seawater
ensity with 24% <seawater density) (S1, Table S2). However,
hen density is considered, some ‘‘heavy’’ litter items would have
he same characterisation as those classified as ‘‘light’’ (such as
lastic Food containers [0.015 g/cm3] or ice cream packer [0.905
/cm3] that have similar densities to ‘‘light’’ items), as well as
tems that would have dried to a lighter weight (e.g., cardboard
0.69 g/cm3]). With these reclassifications taken into account, the
hare of ‘‘heavy’’ items are changed substantially, especially in
tems with a density lower than seawater, adjusting to 27% for
seawater density and 9% for <seawater density (S1, Table S3).
sing this approach, we found that 11% of our categories would
hift (marked in SI Table S1). These categories do not make up
he top 10 litter categories found on either beach so, the model
s run with the original weights rather than a theoretical changed
eight based on density. Therefore, the results in the model are
ccurate to wet and dirty items, but not for dry nor clean items.
f items are dried and cleaned, the authors note that density does
ot need to be considered and we recommend cleaning of items
efore weighing for all future surveys (Ryan et al., 2020a).

onclusion
Standing stock and daily accumulation studies provide a

ethod to assess litter inputs into beaches. However, they still
rovide only a small snapshot of the situation and do not ac-
ount for seasonal variations. Higher litter loads by number of

tems and mass were recorded consistently at one site, where
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ssues such as waste from industry and informal settlements
ith insufficient waste collection and water treatment systems
ay be a contributing factor. The accumulation rates recorded

n this study are consistent with those previously reported for
ther areas such as Cape Town (Chitaka and von Blottnitz, 2019).
uture studies looking at accumulation in the area surrounding
he Port of Durban should consider trying to capture seasonal
ariation. The heterogeneous qualities of marine litter loads make
t difficult to detect trends (Schultz et al., 2013), however longer-
erm studies would better explore the effects of meteorological
nd hydrological patterns on litter accumulation.
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