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Abstract
Microplastics have become a major environmental concern globally due to their potential impact on ecosystem function. They are
known to be ubiquitously present, persistent and bio-accumulative, yet there is a lack of abundance quantifications in freshwater
shorelines. Furthermore, there is little understanding of combined effects of seasonality and human population density on the extent of
microplastic pollution. In this study, we assessed microplastics in sediment along a subtropical reservoir shoreline across three seasons
and seven sites to understand microplastic pollution dynamics along a human population gradient. Multivariable analysis was used to
assess relationships among substrate embeddedness, sediment organic matter, human population density and microplastic particle
densities and characteristics. Microplastic densities were relatively high during the hot–dry season (mean range 120–6417 particles
kg−1 dwt) whilst the hot–wet season had the lowest densities (mean range 5–94 particles kg−1 dwt). Microplastic abundances were
positively correlated with population density, demonstrating the direct effects of human activity on microplastic contamination. These
results highlight the need to further explore microplastic distribution patterns in freshwater ecosystems in the Southern Hemisphere.
Furthermore, our findings suggest particular risk for fauna during low rainfall periods through microplastic concentration effects.
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Introduction

Human activity has resulted in pollution of aquatic ecosystems
with synthetic polymers, i.e. plastics, whichmay be harmful to
ecosystem function (Wagner and Lambert 2018). The light

weight, high durability and low production costs of plastics
make them ideal for different purposes, and has resulted in an
increase in plastic use since the 1950s (GESAMP 2015).
Microplastics (< 5 mm) that contaminate aquatic ecosystems
are diverse in shape, size and origin (GESAMP 2015, 2019).
Microplastics manufactured intentionally, either as resin pel-
lets to produce larger items or indirectly in cosmetic products,
such as facial scrubs and toothpastes, are called primary
microplastics, whilst secondary microplastics disintegrate
from larger plastic debris (Horton et al. 2017). Microbeads,
fragments, foam and fibre are common categories used when
identifying microplastics (Eriksen et al. 2013). Such charac-
terisation can potentially be used to indicate microplastics
origin, such as line/fibre which usually originates from fishing
lines, clothing and/or other textiles (Wu et al. 2018).
Microplastics can also be classified according to polymer
types such as polyethylene (HD/LD–PE), polyethylene tere-
phthalate (PET), polypropylene (PP), polystyrene (PS), poly-
vinyl chloride (PVC) and polyamide fibres (nylon) (Andrady
2011; Zbyszewski et al. 2014).

The South African government categorised the plastic in-
dustry as an important sector for economic growth in enhanc-
ing export, innovation and recycling (DTI 2016). However,
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the country is eleventh globally as a main contributor of marine
plastic debris, despite waste disposal protocols and legislation
to promote recycling being in place (Verster et al. 2017).
Excessive plastic production has placed a strain on aquatic eco-
systems as unwanted microplastics enter aquatic environments
through wastewater discharge, degradation of larger plastic
items and user discards (Barnes et al. 2009). Thus, the wide-
spread abundance of microplastics in the environment is direct-
ly due to human activities (Rillig 2012), yet there is currently a
paucity of understanding into howmicroplastic pollution relates
to human population densities. Furthermore, whilst much re-
search has focused on investigating the source, fate, abundance
and impact of microplastics in marine systems, only a few
studies have been conducted within freshwater ecosystems
(e.g. rivers, lakes, reservoirs) (Biginagwa et al. 2016; Horton
et al. 2017; Nel et al. 2018; Hurley et al. 2018; Tibbetts et al.
2018). Accordingly, this emphasises the need for further studies
in these ecosystems to close knowledge gaps.

Freshwater systems are an important conduit for
microplastics between inland terrestrial inputs and marine en-
vironments (Mani et al. 2015). Microplastics enter water
sources through various routes such as storm water (Silva-
Cavalcanti et al. 2017; GESAMP2019), wastewater discharge
(Nel et al. 2018; GESAMP 2019) and littering (Dris et al.
2017; GESAMP 2019). Microbeads, for example, are typical-
ly buoyant in water bodies and can be desorbed upon entering
gastrointestinal tracts, thereby affecting the pH and ion bal-
ance in organisms (Tanaka et al. 2013). Moreover,
microplastic with sorbed co-contaminants such as polycyclic
aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs) and dichlorodiphenyltrichloroethane (DDT) can also
be deposited in sediment surfaces. The aggregation of
microplastic particles with organic matter in sediments can
increase particle size and density, resulting in increased
microplastic sedimentation rates (Long et al. 2015; Nel et al.
2019). Of greatest concern is the potentially wide range of
effects microplastics pose to ecosystems and public health
due tomicroplastic ingestion by aquatic organisms and trophic
transference through entire food webs (Teuten et al. 2009;
Browne et al. 2008; Farrell and Nelson 2013; Nel et al.
2018; Cuthbert et al. 2019).

Studies focusing on microplastics occurrence and distribu-
tion in freshwater sediments are lacking within Southern
Hemisphere tropical regions. Since microplastic pollution
may have detrimental environmental effects, a comprehensive
examination of the occurrence, characteristics and distribution
of microplastics in a model subtropical reservoir was carried
out. Such systems can serve as regional models for ecosystem
types, potentially highlighting the sources, nature and extent
of microplastic pollutants. Thus, the current study aimed to
contribute to the limited body of knowledge on microplastics
that currently exists for freshwater ecosystems in the Southern
Hemisphere. More specifically, the study assessed the

sediment microplastic pollution, in terms of composition, dis-
tribution and density, across three seasons. We hypothesised
that sediment microplastic densities would show strong sea-
sonal (hot–dry, hot–wet, cool–dry) and site (low and high
population density) differences, with high microplastic loads
in highly populated sites and during the hot–dry season,
and with human population activities and substrate
embeddedness strongly influencing the abundance of
microplastics found along the reservoir shorelines.

Materials and methods

Study area

Nandoni reservoir (22°59′11″S, 30°36′16.19″E) is located be-
tweenMutoti and Budeli villages, within Thulamela municipal-
ity, approximately 10 km from the town of Thohoyandou,
Limpopo province, South Africa, and is mainly used for do-
mestic water supply and irrigation. The reservoir is 2215 m
long, has a catchment area of 1380 km2 and a total capacity
of 16.4 million m3. The region is generally characterised by
warm, humid summers and cool–dry winters. The average tem-
peratures in summer and winter are 23 °C and 17 °C, respec-
tively. The average annual precipitation for the entire catchment
varies between 610 and 800 mm, with a mean annual runoff of
519 million m3 (Heath and Classen 1990). The prevailing wind
direction is from the east to southeast in both the summer and
the winter months. The topography of the reservoir area falls
under the Soutpansberg Group. It is comprised of low-lying,
undulating terrain which is underlain by a gneiss sequence. The
soil inmost parts has been eroded due to continuous cultivation.
Erosion in the reservoir basin occurs generally in areas of dis-
sipative topography where erodible material is available.

The study was carried out over three seasons, i.e. hot–dry
(September 2018), hot–wet (March 2019) and cool–dry
(June 2019). Site selection was based on human population
density along the reservoir shorelines, where seven sites were
selected around the reservoir: four sites (site 1,Mulenzhe village
(population density (PD) 2566, area 4.37 km2); site 4, Budeli
village (PD 2362, area 3.56 km2); site 5, Muledane village (PD
1428, area 1.57 km2); site 6, Dididi village (PD 2312, area
2.66 km2)) were categorised as high PD sites and three sites
(site 2, PD 6; site 3, PD 0; site 7, PD 4) were categorised as low
PD sites (Fig. 1). Most of these sites were also areas of high
deposition as highlighted by the substrate content, i.e. high
amounts clay/silt to sandy soil being observed and no samples
were collected during the hot–dry season for sites 5 to 7.

Sediment characteristics

Substrate embeddedness was determined according to Platts
et al. (1983) through the assessment of the surface covered by
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fine sediment: 1 (> 75%), 2 (50–75%), 3 (25–50%), 4 (5–
25%) and 5 (< 5%). The sediment organic matter (SOM)
was determined using the Chan et al. (2001) modified
Walkley–Black method.

Extraction and enumeration of sediment
microplastics

Microplastics considered for this study were < 5 mm
(GESAMP 2015, 2019), but > 63 μm (mesh size utilised).
Two sediment samples (~ 1.5–2 kg) were collected per site
on the littoral zone (i.e. one sample was made up of three
sediment subsamples collected from three random spots, ap-
proximately 10 m apart) from the upper 5 cm sediment layer

along the reservoir shoreline and stored in labelled clear-
plastic ziplock bags. In the laboratory, the sediment samples
were dried in an oven at 60 °C for 72 h until a constant weight
was reached. After drying, each sediment sample was
homogenised using a riffle splitter, and thereafter a sediment
subsample of 0.5 kg was separated from the riffle splitter and
sieved through a 500-μm mesh steel sieve to remove large
organic matter particles and rocks. The sediment material
retained on the sieve was analysed for large microplastics
(500 μm–5 mm), for inclusion in the total microplastic count.

To prevent contamination, prior to all analyses, the entire
laboratory was cleaned with all surfaces and equipment rinsed
with milliQ distilled water. No air-conditioners or fans were
utilised in the lab during the study to minimise the risk of
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Fig. 1 Location of the study sites
within Nandoni reservoir,
Limpopo province, South Africa
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potential air-borne microplastic particle transport. Each sieved
0.5 kg subsample was placed into a clean 5-L beaker and a
63-μm mesh filtered hypersaturated saline solution (100 g
coarse salt L−1) was added. The mixture was stirred vigorous-
ly to allow the release and suspension of trapped plastic par-
ticles, before allowing the denser sediment to settle out for 3–
24 h, depending on the soil type. After this time, the superna-
tant was filtered through a 63-μmmesh and the entire process
was repeated five times so that all microplastics could be
quantified (Nel et al. 2018). To further reduce potential air-
borne microplastic particle contamination, all samples were
covered with a small tray. The microplastics on the 63-μm
mesh sieve were carefully rinsed with distilled water into
50-mL polystyrene jars, before the samples were visually
sorted under an Olympus dissecting microscope at ×50 mag-
nification, whereby all possible microplastic particles were
enumerated according to colour (i.e. colours: red/pink, white,
black/blue, yellow/orange). Particles were deemed to be
microplastics if they possessed unnatural colouration (e.g.
bright colouration, multi-coloured) and/or unnatural shape
(e.g. sharp edges, perfectly spherical; Hidalgo-Ruz et al.
2012). As visual inspection alone was not adequate to charac-
terise and exhaustively quantify microplastics, further physi-
cal analysis was utilised (Mintenig et al. 2017; GESAMP
2019). Therefore, a vibrational Platinum-ATR Fourier-trans-
form infrared spectroscopy (FT-IR) (Bruker Alpha model,
Germany) technique was employed on selected microplastic
particles for confirmation. This technique offers available li-
braries for microplastic polymer identification and is more
efficient for dense samples, as in the present study (Picó and
Barceló 2019). The number of microplastic particles was es-
timated as number of microplastic particles kg−1 of dry weight
(dwt).

To test microplastic recovery rates, soil samples (n = 3,
0.5 kg) were collected from non-impacted terrestrial sites
about 30–50 cm underground. The samples were each spiked
with 0.1 g (~ 309 particles or 77 particles L−1) ultra-high mo-
lecular weight, surface-modified multi-coloured polyethylene
powder, 125-μm particle size (Sigma-Aldrich, UK) and
homogenised (well-mixed) before being separated similar to
field samples using a hypersaturated saline solution. The re-
covery rates ranged between 88 and 95% (mean 92%) of the
microplastic particles.

Data analysis

All microplastic particle data were log (x + 1) transformed to
homogenise variances. Correlation analysis was used to assess
for relationships of the environmental variables (substrate
embeddedness, SOM), population densities and microplastic
abundances using SPSS v16.0 (SPSS Inc. 2007).

We tested whether abundances of combined microplastic
particle types (i.e. colours: red/pink, white, black/blue, yellow/

orange) differed among seasons and sites. Distance-based per-
mutational analysis of variance (PERMANOVA; Anderson
2001; McArdle and Anderson 2001) based on Euclidean dis-
tance dissimilarities was carried in PRIMER v6 add-on pack-
age PERMANOVA+ (Anderson et al. 2008) to determine the
differences in microplastic particle types and abundances
among study sites and/or seasons. Each term in the analysis
was tested using 9999 permutations of the correct relevant
permutable units (Anderson and Braak 2003), with significant
terms investigated using posteriori pairwise comparisons with
the PERMANOVA t statistic (Anderson et al. 2008).
Spatiotemporal variation in microplastic particles was
analysed using non-metric multi-dimensional scaling (n-
MDS) based on Bray-Curtis similarity measures.

Results

Sediment characteristics

Shoreline substrate embeddedness, determined according to
Platts et al. (1983), was rated 1 (> 75% fine sediment) for sites
1, 3 and 6, with sites 2 and 5 exhibiting a rating of 2 (50–75%
fine sediment), site 4 a rating of 3 (25–50% fine sediment) and
site 7 a rating of 5 (< 5% fine sediment). Sediment organic
matter was generally high in sites with high fine sediment
content (range 10.6–26.7%) compared with low fine sediment
sites (1.5–7.6%). A significant interaction between sites and
seasons on SOM was detected (F = 4.488, p = 0.004). No sig-
nificant relationships were observed for microplastic loads
and substrate embeddedness (r = − 0.23, p = 0.174) and pop-
ulation density (r = 0.10, p = 0.098) but microplastic load was
significantly positively correlated (r = 0.63, p = 0.021) with
SOM, suggesting that sites with high SOM (e.g. sites 1, 3,
6) had greater microplastic loads.

Sediment microplastics

Control samples contained no microplastics. As such,
microplastics encountered in samples were considered from
the collection site and not an aspect of laboratory contamina-
tion. Overall, up to four different microplastic colour types
(i.e. red/pink, white, black/blue and yellow/orange) were ob-
served, with white microplastics being the dominant colour at
all sites (Fig. S1). Generally, high microplastic numbers were
observed during the hot–dry season (mean range 120–6417
particles kg−1 dwt) compared with low numbers observed
during the hot–wet season (mean range 5–94 particles kg−1

dwt) (Fig. 2). Overall, the high population density sites had
high microplastic densities (mean 833.9 ± 634.9 particles kg−1

dwt) compared with the low population density sites (mean
77.5 ± 27.4 particles kg−1 dwt). High population density sites
1 (mean 6417 ± 4407 particles kg−1 dwt) and 4 (1414 particles
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kg−1 dwt) during the hot–dry season recorded highest
microplastic abundances (Fig. 2).

Using PERMANOVA, significant differences in
microplastic abundances were observed among sites (Pseudo
F = 2.469, p(MC) = 0.006), seasons (Pseudo F = 7.453,
p(MC) < 0.001) and site × season (Pseudo F = 2.564,
p(MC) = 0.001). The significant ‘site × season’ interaction
indicated greater microplastic density differences among sites
as seasons changed, with highermicroplastic abundance being
observed during the hot–dry season (Fig. 2). Pairwise com-
parisons highlighted significant differences in microplastic
colour abundances for sites 1 vs 4 (t = 2.477, p = 0.025), 2
vs 4 (t = 3.208, p = 0.006) and 3 vs 4 (t = 3.040, p = 0.007).
Furthermore, pairwise significant seasonal differences in
microplastic colour abundances were also observed for the
hot–dry vs hot–wet (t = 3.255, p = 0.002), hot–dry vs cool–
dry (t = 2.710, p = 0.009) and hot–wet vs cool–dry (t =
1.981, p = 0.024), with high microplastic densities being ob-
served for the hot–dry season.

Low human population density category sites had general-
ly reduced microplastic numbers (mean range 17–193 parti-
cles kg−1 dwt) compared with sites categorised as highly pop-
ulated density sites (mean range 40–3915 particles kg−1 dwt)
(Fig. 2). No significant differences were observed in
microplastic densities within the two population group (i.e.
low, high) areas (F = 1.330, p = 0.365) and seasons (F =
1.140, p = 0.467). However, a significant interaction effect
(F = 4.156, p = 0.026) was observed between population
groups and season indicating that changes in population group
activities across seasons resulted in a change in microplastic
abundances.

The n-MDS ordination based on microplastic numbers for
all sites discriminated slightly among seasons (stress values of
0.07 indicated a useful two-dimensional representation of the
groups; Fig. 3). The overlap observed among seasons,

especially during hot–wet and cool–dry seasons, could be at-
tributed to reduced activity (i.e. reduced laundry washing)
along the reservoir shoreline (Fig. 3). Selected polymers of
all microplastic types were identified using vibrational FT-IR
technique, resulting in eight polymer types: 20.2% polypro-
pylene, 22.7% polyethylene, 30.9% polystyrene, 9.7% poly-
vinyl chloride, 5.8% polyester, 4.5% high-density polyethyl-
ene, 3.9% polydimethylsiloxane and 2.3% poly(lauryl
acrylate).

Discussion

Whilst microplastics continue to accrue across all habitat types
globally, there is currently little information on microplastic
pollution in freshwaters, and particularly in subtropical re-
gions. In many African remote areas, rural populations collect
water from freshwater resources. It therefore becomes a prob-
lem when water sources for domestic and agricultural use are
polluted with contaminants such as microplastics, owing to
negative effects on water quality, food security and population
well-being (Verster et al. 2017). We anticipated microplastics
to be present at our study sites owing to their widespread
distribution within freshwater and marine environments (Nel
et al. 2018; Ngupula et al. 2014; Silva-Cavalcanti et al. 2017).

The present study highlights that human population density
with regard to activities interacted with seasonal variation to
influence the abundance and distribution of microplastics in
reservoir sediments. In particular, the study highlights that
microplastic abundances along the focal shoreline were sig-
nificantly higher in areas with high human population density
under certain seasons. The study further attributes the possible
microplastic sources might be from laundry washing (Fig. 4),
cosmetic and cleaning products, as well as discarded litter
which breaks down into microplastics, since no significant
differences were observed for population density alone and
microplastic loads. Thus, this lack of significant relationship
highlights that the pollution likely mixes within the lake and
results in more homogenous distribution of microplastics.

Sediment microplastic densities showed a seasonal differ-
ence along the shoreline, with high microplastic abundances
being observed during the hot–dry season and this was most
likely due to reduced river water flow as a result of low pre-
cipitation and increased pressure to do laundry by the lakeside.
Whereas during the hot–wet season, people normally capture
rainwater and wash at their houses away from the lake shore.
The high abundance of microplastics during the hot–dry sea-
son suggests that microplastics were temporarily stored in
sediments before being redistributed in other seasons.
Indeed, Nel et al. (2018) suggested that freshwater sediments
are temporary sinks for microplastics. In contrast to the current
study (mean 616 particles kg−1 dwt), Fischer et al. (2016)
recorded low average sediment microplastic values of 112

Fig. 2 Distribution among sites and seasons of microplastic
concentrations in shoreline sediment of Nandoni reservoir, Limpopo
province, South Africa
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and 234 particles kg−1 dwt in two Italian lakes: Bolsena and
Chiusi, respectively. Thus, one can assume that Nandoni res-
ervoir is heavily polluted during the hot–dry season, with the
hot–wet and cool–dry seasons showing low to moderate
microplastic contamination. Nandoni reservoir can be consid-
ered a microplastic exporter as it acts as a sink during the hot–
dry season and when flows increase during the hot–wet sea-
son, it may become a microplastic source to other areas, there-
by reducing microplastics in the reservoir.

We also suspect little input from catchment wastewater
discharges as the area is mostly rural-based and uses pit la-
trines; hence, most microplastics do not reach aquatic ecosys-
tems or water treatment works, as indicated by low
microplastic densities at the reservoir mouth sites i.e. sites 5
and 6. However, somemay reach the reservoir from the break-
down of macroplastics (Dalu et al. 2019). Whilst hydrody-
namics are known to significantly influence the deposition
and distribution of plastics on marine shorelines (GESAMP
2019), the influence of these factors is likely to be less pro-
nounced in smaller freshwater environments which are subject
to reduced hydrodynamics from, for example, wave action.
Results showed that highly populated areas had greater plastic

numbers, reaching 6417 particles kg−1 dwt, whilst sites with
low population densities had low plastic numbers ranging
between 9 and 265 particles kg−1 dwt. Therefore, it is likely
that microplastic contamination levels in the absence of proper
waste management infrastructures can have non-localised ef-
fects in such impounded freshwater ecosystems (Lambert
et al. 2017; Verster et al. 2017; Tibbets et al. 2018). Studies
by Andrady (2011) have highlighted that densely populated
areas are considered a major land-based source of microplastic
pollution through the breaking down of directly or indirectly
discarded plastic debris and poorly regulated discharge of do-
mestic effluent. Thus, it is assumed that more plastics will
enter from densely human populated areas, which suggests
that human density is a strong determinant of the amount of
microplastic input, whilst residence time is the determining
factor of microplastic distribution (Mahoney 2017).

Microplastic colour helped to indicate their potential origin
in the present study. Recovered microplastics were found in a
variety of colours, with white being the dominant colour. In
some studies (e.g. Su et al. 2016), microplastic colours such as
blue, white and black were identified, with white also being
the dominant colour. Microplastic colours indicate the parent

Fig. 3 n-MDS ordination
highlighting variation of
microplastic densities across sites
and seasons. Polygons indicate
the three seasons: light blue,
cool–dry; dark blue, hot–wet; and
green, hot–dry

Fig. 4 Example of localised
microplastic source around the
reservoir. A person doing laundry
using washing powder along the
shoreline of Nandoni reservoir at
a high population site
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plastic product, and some colours change to white due to
degradation process, making white the dominant colour; in
turn, these particles may be ingested by aquatic biota
(Lambert et al. 2017). Polystyrene foam microplastics were
also identified which could have originated from disposable
food containers and cups. Zhang et al. (2019) and Nel et al.
(2018, 2019) implied that the higher organic matter in the
sediment soil samples strongly influenced the microplastic
recovery. Our results, however, showed that sites with high
SOM generally had higher microplastics as compared with
sites with low SOM content.

Whilst the present study demonstrates high prevalence of
microplastics in a subtropical reservoir, further in-depth stud-
ies in Austral freshwaters are required to understand the pres-
ence of microplastics, and other key drivers of differences. In
particular, meteorological and hydrodynamic effects on pol-
lutant concentrations and distributions require further exami-
nation, owing to the effects on other shoreline systems
(GESAMP 2019). Nonetheless, our findings suggest key spa-
tiotemporal context-dependencies are important drivers of dif-
ferences in microplastic abundances, with differences emer-
gent across seasons according to human population densities
close to reservoir shorelines. In turn, our empirical results
serve to inform lab-based exposure studies, as these often
use unrealistic microplastic concentrations to quantify ecolog-
ical impacts.
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