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Microplastic contamination of coastal environments is a global problem and pellets used
in industrial processes are a persistent and worldwide form of microplastic pollution.
Regions that host port and petrochemical facilities are well known sources of plastic
pellets to local and adjacent coastal areas. This study assessed pellet densities over
regional and local scales to provide a greater understanding of the spatio-temporal
variation in inputs to sandy beaches. Pellets were used as a proxy to undertake a multi-
scale assessment of the spatial (local vs. regional) and temporal (tides and weather)
stranding of microplastics. Microplastic variability differed between local and regional
scales. Regional variation was driven by weather (i.e., rainfall) and distance from source.
Local-scale variability was driven by distance from source (along shore), tidal cycle, and
beach hydrodynamics. Our results address the drivers of large spatio-temporal variability
in microplastic pollution and provide useful information for monitoring programs by
pointing to the need to consider variability in inputs over both regional and local scales.

Keywords: microplastic, bead, input, multi-scale variability, long-term monitoring

HIGHLIGHTS

- This study assessed plastic pellet inputs over regional and local scales.
- Microplastics variability differed between local and regional scales.
- Regional scale variation was driven by rainfall and distance from source.
- Local-scale variability depended on distance from source, tides and beach hydrodynamics.
- Understanding spatio-temporal variability of microplastic pollution can aid management.

INTRODUCTION

Contamination of coastal environments such as sandy beaches by plastic material is a major
environmental problem worldwide (Browne et al., 2015; Jambeck et al., 2015). Microplastics, i.e.,
particles smaller than five millimeters (Andrady, 2011; Cole et al., 2011), including pellets used
in industrial processes, are amongst the most abundant forms of this material even in relatively
pristine areas (Turner and Holmes, 2011) and can represent up to 53% of the overall plastic debris
present in beaches (Antunes et al., 2013).
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Plastic pellets most commonly enter marine and coastal
ecosystems through transportation losses in port terminals
(Turner and Holmes, 2011). The persistence and biological
impacts of microplastics can have severe economic and
environmental effects through direct ingestion by biota,
lost fisheries production and declines in tourism and
recreation (Rochman et al., 2013; UNEP, 2014). Moreover,
the environmental risks to humans (e.g., vector of pollutants
such as PCBs and PAHs; Fisner et al., 2013a,b), demands
monitoring of long-term variations in the abundance and
inputs of these particles to beaches and other coastal and
marine habitats.

The spatial variability in the distribution of beach litter is
often related to season and site-specific factors. River supplies
(Asensio-Montesinos et al., 2019) as well as hydrometeorological
features (Cordova and Nurhati, 2019) generate seasonal
variability in beach litter. This varibility in beach litter is also
related to factors such as the proximity to densely populated areas
(Browne et al., 2011; Ryan et al., 2018), river-mouth (Williams
et al., 2016) and hydrodynamics (Williams et al., 2017). Similar
factors are related to the spatial variability of plastic pellets within
coastal ecosystems.

Recent works have demonstrated the often profound spatial
variability in the distribution and accumulation of plastic pellets
within coastal and marine habitats; a reality that constitutes
a major conundrum to the development of assessment and
monitoring programs (Turra et al., 2014; Moreira et al., 2016a,b;
Fisner et al., 2017). At a broader or regional scale, catchment
characteristics (i.e., proximity to sources and local weather)
as well as oceanographic currents are likely to influence the
stranding of particles in certain areas (Browne et al., 2011;
Browne, 2015; Ryan et al., 2018). The occurrence of seasonal
climatic features (e.g., wind and rainfall) can also interact with
the relative loads stored in catchments to result in pulsed inputs
to estuarine and coastal environments (Rech et al., 2014; Krelling
et al., 2017; Gorman et al., 2020 in review).

At a local-scale (i.e., individual beaches) pellets can
accumulate in zones spanning the shoreline to the backshore,
the coastal dunes (often associated with strandlines; Moreira
et al., 2016b) and throughout the sediment column to depths of
up to 2 m (Turra et al., 2014). In addition, tidal cycles interfere
with the dispersal of microplastics from estuaries to open waters,
given that greater amounts of particles leave these environments
during spring tides (Sadri and Thompson, 2014). Further, plastic
pellet distribution might also be spatially variable in the along
shore direction of sandy beaches (Bowman et al., 1998) as a
result of hydrodynamics (Andrady, 2015; Thompson, 2015) and
relative proximity to sources (Karapanagioti and Klontza, 2008;
Turner and Holmes, 2011). These environmental processes are
responsible for variations in the stranding rates (input) and
accumulation (standing stock) of plastic pellets in sandy beaches
(Turra et al., 2014; Moreira et al., 2016a,b).

A key requirement to understanding processes of stranding
and accumulation of plastic pellets, is knowledge of the variability
in inputs over both spatial and temporal scales (Duis and Coors,
2016). In this context, we conducted a multi-scale assessment
of the spatio-temporal inputs of plastic pellets to sandy beaches

along the central coast of São Paulo state, Brazil. The initial aim
was to assess variation in the inputs of plastic pellets driven
by regional-scale characteristics such as distance from potential
sources and weather. We tested the hypothesis that inputs would
show variability among regional (i.e., “beaches”) and temporal
replicates (i.e., “months”). Having identified some of the principal
drivers of variability at the regional scale (i.e., climate and rainfall)
we then focused on local-scale phenomenon by testing the effects
of season (i.e., the onset vs. end of the rainy season), along shore
beach position (along shore) and consecutive tidal cycles. Here we
tested the hypothesis that variation in plastic pellet inputs differ
along the shore and over consecutive tidal cycles and season.
Overall, our goal was to present useful information describing
the spatio-temporal dynamics of plastic pellet contamination of
sandy beaches for monitoring programs tasked with evaluating
the environmental risks to the biota (Nelms et al., 2015) and to
the physical environment (Antunes et al., 2013). This approach
is also useful as a baseline information for monitoring programs
that could evaluate the efficiency of the adoption of the “zero
pellets loss” programs (in before and after impact design) (e.g.
Operation Clean Sweep; Plastics & ACC, 2017).

MATERIALS AND METHODS

We used a hierarchical sampling design to test regional and local
scale variability in the input of plastic pellets to sandy beaches
of the Santos region of Brazil (Figure 1). The rationale was
to understand better the drivers of the often high variability
observed in estimates of plastic pellet input and standing stocks
(see Moreira et al., 2016a,b). The sampling focused on recently
stranded pellets by the last tidal cycle, present only in the
intertidal up to the last high tide mark. We began by investigating
variability in the density (i.e., numbers of particles per linear
meter along transects) of stranded plastic pellets at regional
scale, among beaches located at different distance from known
sources of plastic pellet inputs (Pereira, 2014) (the port of Santos,
Figure 1C). In this regional scale, we evaluated the interference
of the rainy season on the dispersion and occurrence of plastic
pellets, so we developed a novel sampling design to accomplish
surveying in the dry season (April, May, June, July, August,
and September) and in the rainy season (October, November,
December, January, February, and March). We then focused
on the influence of local-scale phenomena including, along-
beach distribution, tidal cycles (semidiurnal), and hydrographic
processes within a heavily impacted and relatively well-studied
beach arc (Figure 1C; Santos Bay; Turra et al., 2014).

Regional-Scale
At regional scale, the spatial and temporal variability of plastic
pellet inputs was evaluated at four beaches along the central
coastline of São Paulo (Figure 1B) which are located at different
distances from a known major source (i.e., the port of Santos)
(Fisner et al., 2013a,b; Taniguchi et al., 2016). The selected
beaches (ranked by distance from Santos) included Canal cinco,
Ocian, Iporanga and Itaguaré, all of which can be characterized
as dissipative/intermediate morphodynamic with a NE-SW

Frontiers in Environmental Science | www.frontiersin.org 2 August 2020 | Volume 8 | Article 123

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


fenvs-08-00123 August 5, 2020 Time: 15:9 # 3

Balthazar-Silva et al. Regulation of Microplastic Pellets Input

FIGURE 1 | Study sites included in the multi-scale assessments of
spatio-temporal variation in plastic pellet pollution; (A) Brazil, showing the
location of São Paulo state (SP). (B) Regional-scale study including Ocian
(OC), Canal cinco (CC), and Iporanga (IP) and Itaguaré (IP). (C) Small scale
replicates within Santos Bight, dots with number represent the sampling
locations (1, 2, 3, 4, 5, 6), PT indicates the location of Santos Port Terminal,
UB is Urubuqueçaba Island and SV is São Vicente Channel.

orientation. Although differing in their catchment characteristics
and coastal geomorphology, these beaches experience similar
hydrodynamic and morphodynamics processes. Sampling was
done between February 2014 and February 2015 to capture rainy
and dry seasons.

Local-Scale
Having investigated variability in pellet inputs at a regional scale,
we then focused our attention on processes operating at local-
scale by assessing the influence of along shore position, tidal cycle
and hydrodynamic process within Santos Bay itself (Figure 1C).
The study area for this component incorporated a 7 km stretch
of exposed sandy beach with an east-west orientation sheltered
and a degree of protection at the western end (i.e., due to
the blocking effect of Urubuqueçaba Island; Elliff et al., 2013).
The area receives estuarine waters discharged both from the
Santos Channel in east and the São Vicente Channel in the west
(Gregorio, 2009). The coastline also receives urban and industrial
runoff via seven drainage channels that are interspersed along the
beach approximately every 1 km (Italiani, 2014). Sampling was
done in November 2014 and again in March of 2015 to capture
seasonal variation; representing the beginning and end of the wet-
season in Brazil, respectively. Within these seasonal replicates,
sampling was done during the spring tides, at six sampling points
along shore (at increasing distances from the Santos channel, a
potential source of pellets).

Sampling Approach
Sampling at both scales was done during low tide (between 0
and 0.5 m), using five 2-m wide transects oriented in a cross-
shore direction (up/down shore). The across-shore extension
of transects varied according to beach morphology and the
amplitude of the tides (Moreira et al., 2016a). Each transect

was pre-prepared by cleaning all plastic pellets along marked
transects prior to sampling. This had the effect of creating a
clean surface, so that subsequent sampling would only collect
newly stranded pellets within the last tidal cycle. The sampling
procedure involved gathering all stranded pellets in the low tides
prior and after to the tidal cycle by scraping the surface of
the sediment with a squeegee from the water line to the high
strandline. Processing of collected particles involved washing
the mix of sediment and the other material through a 0.1 mm
sieve. Isolated pellets were packaged on-site and transported
to the laboratory for counting. At the Regional-scale, sampling
was repeated during different sampling periods (dry and rainy
seasons) and spanned a full year (i.e., February 2014 and February
2015). For the local scale, sampling was done in November 2014
and March 2015, over three subsequent low tides at the same time
at all sites by different teams. Transects sampled in each site were
randomly established at the beginning of each season and were
resampled during the three consecutive low tides.

Data Analysis
Variability in plastic pellet densities at both scales was assessed
using analysis of variance (ANOVA). At the regional scale,
data were analyzed using two-way ANOVA, considering the
factors “weather,” with two levels, representing the sampling
conducted in dry and rainy seasons, and replicate beaches, with
four levels, representing catchments of differing characteristics
and distance from source (Santos port terminal). Data were
checked for heterogeneity of variance using Cochran’s test and ln
(x + 1) transformed where necessary. The significant differences
were a posteriori evaluated with the Student-Newman-Keuls test
(SNK) (Underwood, 1997). At the local scale, data were analyzed
using three-way repeated measures ANOVA, considering the
factors “zones,” with six levels, representing along shore beach
position (along shore), “cycles”, with three levels, representing
three consecutive low tide cycles and “season,” with two
levels representing the onset and the end of the rainy season
(November and March respectively). The significant differences
were evaluated with Bonferroni test (Quinn and Keough, 2002).

RESULTS

Regional-Scale
At the regional scale, there was substantial variability in the
density of pellets across the year and among beaches (Figure 2A),
with strong peaks observed for Canal cinco between November
2014 and February 2015 (i.e., coinciding with the rainy season)
and Iporanga during April and August 2014. In general, the
lowest densities of plastic pellets were observed during dry
season, while the higher estimates were observed during wet
season. There was also an overall trend of decreasing inputs with
increasing distance from the Port of Santos (Figure 2B). When
comparing the density of pellets between dry and wet seasons,
sites demonstrated different patterns (Figure 3 and Table 1,
“Weather × Beach” interaction term) with those closer to the
Port of Santos showing the greatest difference between dry and
rainy season.
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FIGURE 2 | Estimates of plastic pellet inputs to replicate beaches along the coastline of São Paulo state; (A) over 1 year, and (B) with x-axis reflecting the distance
of each beach from the Port of Santos. The bars represent mean (±SE) for sampling sites for each replicate beach.

Local-Scale
Analysis of plastic pellet density revealed a smaller quantity
of pellets prior to the rainy season (Figures 4A,B). Further,
the analysis of the local scale revealed a significant variation
according to the sampling season and an interaction between
tidal cycles and the along-shore location. An interesting
observation was that there was no interaction between season

FIGURE 3 | Estimates of plastic pellet inputs to replicate sandy beaches in dry
and wet seasons. Bars represent mean (±SE) for each sampling zones in
Santos bay. The x-axis reflects the distance of each beach from the Port of
Santos.

and zones or cycles, suggesting that these patterns were relatively
consistent (Figure 4 and Table 2). The significant interaction
between “zones and cycles” suggested that the variability in pellet
density over consecutive cycles is different in the along-shore
beach position. Indeed, the pairwise test revealed significant
differences among cycles.

DISCUSSION

The aim of this study was to investigate the drivers of spatio-
temporal variability in microplastic pellet inputs to sandy

TABLE 1 | Two-way ANOVA comparing plastic pellet inputs to four regional
beaches along the coast of São Paulo state during different weather
conditions (dry vs. wet).

Source df MS F P

Weather 1 42.13 52.43 <0.001

Beach 3 23.6 29.36 <0.001

Weather × beach 3 5.37 6.68 <0.001

Error 182 0.804 – –

Total 190 – – –

SNK-test results

Dry: Wet:

Canal cinco > Iporanga Canal cinco > Iporanga

Canal cinco > Itaguaré Canal cinco > Itaguaré

Canal cinco = Ocian Canal cinco > Ocian

Iporanga = Itaguaré = Ocian Iporanga > Itaguaré

Iporanga = Ocian

Itaguaré = Ocian
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FIGURE 4 | Estimates of plastic pellet inputs to sandy beaches at the “local-scale” during; (A) the onset of the rainy season (November), and (B) at the end of the
rainy season (March). Data are grouped by zones (with increasing distance from the Santos channel in x-axis) and by consecutive tidal cycle (following mean high
tide of spring). The bars represent mean (±SE) for each sampling zones.

beaches. We assessed the influence of regional characteristics
(i.e., rainfall and distance from known source) and local-scale
phenomena (i.e., along shore zonation and tides) on variability
in the density of plastic pellets stranded on sandy beaches.
Our results suggest that factors operating at both scales can
have strong and predictable consequences for patterns of pellet
deposition and might need to be considered when designing and
conducting monitoring programs that are often hampered by the
large variability in standing stocks of microplastic contamination
(Moreira et al., 2016a).

At a regional scale, inputs of plastic pellets varied considerably
across an entire year and showed significant correlation with the
geographical (distance) and local weather conditions (rainfall) of
various beaches. Overall, Canal cinco showed the greatest inputs,
which is not surprising given its proximity to the Port of Santos
(i.e., a known source) and its position within the Santos Bay. Our

TABLE 2 | Three-way repeated measures ANOVA comparing plastic pellet inputs
across different local-scale phenomena; including sampling season (onset vs. end
of the rainy season), beach zone (along shore beach position) and tidal cycle
(three consecutive low tides).

Source SS df MS F P

Season 42.57 1.00 42.57 48.87 0.00

Zones 2.91 2.16 1.35 3.94 0.06

Cycles 2.12 2.00 1.06 51.70 0.00

Season × zones 1.06 2.85 0.37 2.72 0.10

Season × cycles 0.24 1.34 0.18 3.42 0.12

Zones × cycles 1.83 2.39 0.76 5.22 0.03

Season × zones × cycles 1.21 2.97 0.41 3.13 0.07

Pairwise comparisons on cycles: 1 > 2; 1 > 3; 2 > 3

results thus concur with other recent studies on the abundance
of plastic litter indicating that the temporal dynamics can be
influenced by the distance from industrial and urban centers
(Laglbauer et al., 2014; Davis and Murphy, 2015; Gorman et al.,
2019; Izar et al., 2019). Inputs declined as a function of distance,
although not in a direct linear fashion, and were∼15% (cf. Canal
cinco) at the beach Itaguare located ∼38 km to the northeast.
This pattern emphasizes the importance of coastal currents, wind
and circulation patterns as factors that influence the dispersal of
plastic particles (Law et al., 2014; Gorman et al., 2020 in review).
The variability across relatively large spatial scales observed in
the present study (tens of kilometers) indicates that long-term
surveys of the plastic pellets input should consider the distance
from potential sources as part of the sampling procedure.

We also demonstrate the strong influence of rainfall on the
input of pellets and probably other microplastic particles to
sandy beaches. In the rainy season, the rate at which pellets
were stranded increased, with the highest values again observed
for Canal cinco. The hydrological and sedimentary processes
occurring in this beach are under the influence of strong tidal
currents that originate from the Santos estuary. The currents in
this location are influenced by the progressive tidal waves inside
of the channel and are North-South oriented (Harari and de
Camargo, 2003). It appears that the “flushing” of plastic materials
accumulated within the catchment (during comparatively dry
periods) out of the estuary and into coastal waters (Gorman et al.,
2020 in review) results in a “pulse” of stranded pellets on adjacent
beaches. Overall, our results suggest that long-term monitoring
programs should consider the differences between chronic and
episodic inputs as failure to account for pulsed inputs may lead
to substantial errors in estimates, even among samples taken in
consecutive days (also see Moreira et al., 2016a).
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Local-Scale
Having established the importance of regional-scale
characteristics (specifically distance from source and rainfall)
as determinants of pellet inputs to sandy beaches, we then
focused on the effect of local-scale drivers that may help to
explain accumulation processes at the scale of individual beaches.
Recently, Moreira et al. (2016a) recommended that surveys
investigating input dynamics should include small-scale spatial
and temporal stratification in order to identify patterns and
provide more reliable estimates. Our data show that different
degrees of wave action along the beach, tidal cycles, and season
(i.e., the onset vs. end of rainy season) can all contribute to the
variability in plastic particle estimates.

The first thing to note were the seasonal differences in inputs,
which were higher at the end of the rainy season (March) than
they were at the onset (November). This is likely to reflect
variation in important physical distribution mechanisms that can
influence the sources and sinks of plastic particles at a local-
scale (Vermeiren et al., 2016). Estimates of the particle flux
for microplastics in estuaries have previously shown that they
are correlated to weather conditions, such as wind and rainfall
(Yonkos et al., 2014), and to seasonal hydrodynamic features
(Lima et al., 2015). Indeed, a recent modeling study within the
Santos region has shown seasonal variation in the movement of
plastic particles, where greater amounts of debris coincide with
rainfall events (Gorman et al., in review). It is likely that the
material released from the estuary at the onset of the rainy season,
takes some time to disperse to the adjacent beaches of Santos.
This time lag is another factor that should be considered when
attempting to understand patterns of microplastic pollution of
coastal habitats.

Local-scale variability in pellet density was also influenced
by an interaction between beach zone (reflecting beach
morphodynamics) and tidal cycle. At the onset of the rainy
season, zones 1–5 had greater inputs in the initial tidal cycle.
Contrastingly, the density of stranded pellets increased at zones 1
and 6 over the subsequent two tidal cycles. These observations are
likely to be governed by seasonal differences in the depositional
environment along the beach (onset vs. end of the rainy season).
The volume of water exiting the channel along with the high-
energy tidal events likely generate conditions that are favorable
to particle deposition close to the channel (Magini et al., 2007).
On the other hand, the influence of Urubuqueçaba Island
on hydrodynamic features of Santos Bay generates favorable
conditions of deposition in zones 4 to 6 (see Turra et al., 2014).
The beach dynamics also explain the different variation of pellet
inputs over consecutive tidal cycles from zone 1–6. Indeed,
after three low tide cycles, inputs had declined on average from
the initial pulse. This result helps to clarify the interference
of physical processes on microplastics settling in the sediment
column and in the promotion of differences in local spatial scales
(Turra et al., 2014). Future work should consider this relationship

in order to evaluate the impacts of local distribution of plastic
particles on physical environmental processes (Carson et al.,
2011) and to the biota (Koelmans et al., 2014).

In conclusion, we show that the large variability often
observed in the density of plastic pellets (see Turra et al.,
2014) can be partially explained by large variability in the
input-dynamics, operating across both regional- and local-
scales. Geographic location (distance from potential sources),
weather, tidal cycles and oceanographic processes are all likely
to influence the density of plastic particles that become stranded
on sandy beaches and potentially other coastal habitats. We
suggest that these factors need to be incorporated into the
design of the risk assessment and monitoring protocols to
improve the accuracy and efficiency of estimates of microplastic
contamination. Failing to incorporate (or at least report) the
conditions under which sampling was conducted (e.g., before or
after rain?) could lead to spurious and unreliable results that limit
our ability to compare trends over time and space. Overall, while
we address the considerable variation in microplastic density
estimation, it is clear that more work needs to be done to fully
understand the distribution patters, processes of accumulation
and implications of microplastics contamination within marine
and coastal habitats (e.g., Hidalgo-Ruz et al., 2012; Ivar do Sul
and Costa, 2014).
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