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Microplastics such as pellets have been reported for many years on sandy beaches around the globe. Nevertheless,
high variability is observed in their estimates and distribution patterns across the beach environment are still to be
unravelled. Here, we investigate the small-scale temporal and spatial variability in the abundance of pellets in the
intertidal zone of a sandy beach and evaluate factors that can increase the variability in data sets. The abundance
of pelletswas estimated during twelve consecutive tidal cycles, identifying the position of the high tide between cy-
cles and sampling drift-lines across the intertidal zone. We demonstrate that beach dynamic processes such as the
overlap of strandlines and artefacts of the methods can increase the small-scale variability. The results obtained are
discussed in terms of the methodological considerations needed to understand the distribution of pellets in the
beach environment, with special implications for studies focused on patterns of input.

© 2015 Elsevier Ltd. All rights reserved.
Keywords:
Solid wastes
Input
Tidal cycle
Transect
Strandline
1. Introduction

Coastal environments are likely to accumulate much of the solid
waste released by modern industrial and urban society to the oceans.
Globally, millions of tons of plastic are produced every year and it is
estimated that 10 to 20 million tonnes find their way into the world's
oceans each year, costing an estimated US$13 billion per year in
environmental damage to marine ecosystems (UNEP, 2014a). The
industrial society chooses to take advantage of the light weight and
durability of plastic and as a result it is found in nearly all modern
products (Andrady and Neal, 2009). Nevertheless, these advantages also
make plastic a serious environmental and health threat, as its
widespread distribution and persistence in the ocean are favoured
(Thompson et al., 2005; Oehlmann et al., 2009; Talsness et al., 2009;
Rochman et al., 2013).

Among thewide spectrum of plastic debris, concern is growing over
the threats posed by particles with an upper size limit of 5 mm in
diameter, known as microplastics (Cole et al., 2011; UNEP, 2014b).
Microplastics can originate from the fragmentation of discarded items
or can be the industrial rawmaterial for plastic products, such as virgin
pellets, nibs or “mermaids' tears”, which are categorized as the primary
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forms of microplastics (Cole et al., 2011). The sources of pellets found in
the marine environment can be both marine and land-based and in-
clude losses during handling, transfer, transportation (Turner and
Holmes, 2011) and possibly at port terminals (Manzano, 2009). Once
lost, pellets and other microplastics reach coastal areas where tidal
movements and alongshore drift currents carry these particles to the
shoreline of habitats such as sandy beaches (e.g. Shiber, 1982; Moore
et al., 2001; Kusui and Noda, 2003; Abu-Hilal and Al-Najjar, 2004; Ivar
do Sul et al., 2009; Martins and Sobral, 2011; Liebezeit and Dubaish,
2012; Turra et al., 2014).

The loss of pellets represents a high cost to the environment and to
industry, thus global efforts are in place to reduce losses along the
production chain, such as ‘Operation Clean Sweep’ (OCS) created in
the U.S. in 1992 and adopted in many countries (www.opcleansweep.
org) and, the ‘Declaration of the Global Plastics Associations for
Solutions on Marine Litter’ signed in 2011 (www.marinedebrissolutions.
com/Declaration). Therefore, the need to understand patterns of distribu-
tion of plastic pellets and other microplastics across the beach profile is
already established in the scientific community and industrial sector.
Nevertheless, studies designed to evaluate the abundance and distribu-
tion of pellets and other microplastics on sandy beaches have been
conducted in different tidal zones, using different sampling methods
(see Hidalgo-Ruz et al., 2012), and usually not considering any possible
artefacts caused by small-scale temporal and spatial variability associated
with beach dynamics.
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Plastics arriving on beaches are firstly deposited in the intertidal
zone, commonly on drift or strandlines (Thornton and Jackson, 1998),
defined as themarking left by the highwater of tidal action, and typical-
ly composed of debris left after a high tide (although additional lines
may be produced due to oscillation during the descending tide, see
Fig. S1). The distribution of pellets and other microplastics is not uni-
form across the beach profile (Heo et al., 2013), neither along the
beach, nor with depth (Turra et al., 2014). In the across-shore direction,
pellets are limited to the surface of the sediment in the upper beach in-
tertidal zone, but are concentrated on the upper backshore where they
can be found down to 2m depth (Turra et al., 2014). Thus, the intertidal
zone acts as a zone of transference of pellets from the sea to the
backshore, and potentially to the dunes, where they accumulate. As a
consequence, depending on the beach height and depth of the sediment
sampled, different estimates ofmicroplastic distribution and abundance
can be obtained. Estimates using surface sediment samples taken from
the intertidal zone would, therefore, be more appropriate to evaluate
the input or load of microplastics to the beach system (i.e. the amount
of litter arriving on a beach; Escardó-Boomsma et al. (1995)), while
those taken from the backshore and dunes, and preferentially consider-
ing the depth distribution of these particles, would be meaningful to
evaluate their standing-stock (i.e. the amount of accumulated plastics
in the habitat). Such clear distinction is an important point for the de-
sign of sampling strategies, comparisons among beaches and the proper
interpretation of data in time series. Although such rationale is already
incorporated into protocols and studies for the evaluation of macro de-
bris on beaches (e.g. Cheshire et al., 2009; Ribic et al., 2010), it is usually
not evident in studies on microplastics (but see Claessens et al., 2011).

Early surveys assessing meso-debris (2–20 mm fragments) loads
(i.e. accumulation) demonstrated the importance of integrating
estimates across the beach profile, sampling the surface sediment
from transects running from the most recent high tide line up the
beach to the storm strandline (Ryan and Moloney, 1990). In the
intertidal zone, some studies evaluating the abundance and distribution
of pellets were conducted using across-shore transects to integrate esti-
mates across the beach profile, although the specific tidal zone varied or
was not stated (Khordagui and Abuhilal, 1994; Abu-Hilal and Al-Najjar,
2009). Nevertheless, many studies on micro and macroplastics still use
strandline areas to evaluate the abundance of debris (see Barnes et al.,
2009) and again, the drift line considered, varied among studies
(e.g. Browne et al., 2011; Martins and Sobral, 2011; Hidalgo-Ruz
and Thiel, 2013; Dekiff et al., 2014) or was not stated (e.g. Ivar do
Sul et al., 2009; Costa et al., 2010). Also, studies that have compared
the abundance ofmicroplastics among beaches, using samples from the
intertidal zone, have either only sampled once per beach (Ivar do Sul
et al., 2009; Martins and Sobral, 2011; Hidalgo-Ruz and Thiel, 2013)
or repeated the sampling at each beach with largely spaced intervals
(i.e. several months between samplings) (Khordagui and Abuhilal,
1994; Abu-Hilal and Al-Najjar, 2009). However, usually small-scale
spatial and temporal variability is not considered. Moreover, sampling
to compare abundance among beaches are usually not done contempo-
raneously, but samples for comparison have been taken from the differ-
ent study beaches within a timewindow of several months (Khordagui
and Abuhilal, 1994; Abu-Hilal and Al-Najjar, 2009; Ivar do Sul et al.,
2009; Hidalgo-Ruz and Thiel, 2013). Only one study specified that the
last high tide mark was used and also, that samples were taken at five
beaches during equinoctial spring tides of a specific month (Martins
and Sobral, 2011), thus controlling for any eventual consequences of
not taking samples at the same time.

While studies have demonstrated that debris-stranding patterns are
influenced by factors such aswave action (Thornton and Jackson, 1998),
wind-driven water currents (Moore et al., 2001; Edyvane et al., 2004)
and the direction of the prevalent wind (Browne et al., 2010), many
other intrinsic factors may influence patterns of distribution on sandy
beaches. These may be related to 1) the quantities of plastics commer-
cialized in the nearby areas and local rain patterns, which may vary
through the year or between years and influence the input of plastic
debris into themarine system and onto sandy beaches; 2) the direction
and morphology of the beach; and 3) barometric pressure, the cycle of
themoon and the tidal stage, which together will influence tidal height.
Moreover, the intertidal zone of sandy beaches is very dynamic and the
distribution of the drift lines and the height of the shore reached by each
high tide may vary on a daily or even on a tidal cycle basis. These varia-
tions are influenced by a combination of intrinsic factors affecting beach
dynamics, such as the local tidal type (i.e. diurnal, semi-diurnal or
mixed), the tidal stage (i.e. ebbing or flooding), height oscillations
during descending tides, changes in wave action and wind forces (see
Jackson et al., 2002; Ryan et al., 2009). Due to these factors, drift lines
in the intertidal zonemay ormaynot suffer an overlapping effect during
subsequent tidal cycles and long-term debris may also be accumulated
on storm strandlines in the backshore, thus potentially causing signifi-
cant noise in estimates of microplastics based on point samples.

Hence, gathering knowledge about the influence of these factors is of
central importance to the development of sampling methods and non-
confounded sampling designs, with sufficient replication on appropriate
temporal and spatial scales, to adequately quantify trends (Ryan et al.,
2009) in terms of the input and accumulation of microplastics on sandy
beaches. Nevertheless, factors such as the cycle of the moon, tidal stage
and, especially, the history of the strandline are not usually considered
in studies evaluating the distribution of microplastics in the intertidal
zone of sandy beaches. These factors may increase temporal and spatial
variability in the data, directly influence estimates of pellet abundance
in the beach environment and possibly explain part of the high variability
observed on estimates of micro-plastics distribution in data sets around
the world (Gregory, 1978; Khordagui and Abuhilal, 1994; Abu-Hilal and
Al-Najjar, 2009; Kershaw and Leslie, 2012; Dekiff et al., 2014).

The aimof this studywas to investigate the small-scale temporal and
spatial variability in the abundance of pellets in the intertidal area of a
sandy beach and evaluate factors that can increase the variability in
data sets from that coastal area. To achieve this aim, we estimated the
abundance of pellets in drift lines during consecutive tidal cycles to
test the specific hypotheses that the abundance of pellets sampled
fromdrift lineswould vary according to the tidal cycle and the sampling
day (temporal scale; hypothesis 1) and that the number of pellets
would be different among drift lines across shore (spatial scale;
hypothesis 2). The underlying assumption of this study is that calcu-
lations of the abundance of plastic pellets in the intertidal of sandy
beaches are highly influenced by environmental processes at a very
small spatial and temporal scale and thus may not allow accurate and
comparable estimates among areas and between studies without a
strict sampling design.

2. Methods

2.1. Study area and sampling design

The study was conducted during 2010 at Pontal do Sul, a sandy
beach located close to the mouth of the Paranaguá estuary, Paraná
State, southern Brazil (Fig. 1). The selected study site was located in
front of the Center for Marine Studies (Federal University of Paraná).
Site selection was based on the abundance of natural debris, which
was used as marker/indicator of the drift line position as well as
the proximity to the Port of Paranaguá (located about 20 km inland),
a possible source of pellets to the sampling area. The sampling
strategy consisted of limiting the spatial scale (i.e. variability) and
intensifying and refining the temporal and micro-spatial scale, con-
sidering a location with semi-diurnal tidal cycles, with diurnal
inequality, during 12 subsequent tidal cycles.

Sampling started on the full moon on 30th January 2010 and
finished in the waning moon on 4th February 2010. Tidal range
during this period varied between 0.1–1.6 m (1st day) to 0.5–1.4 m
(6th day) (Diretoria de Hidrografia e Navegação, 2010 — at Barra de



Fig. 1. Study area. A— Latitude and longitude of the study area and location of the Paraná State in Brazil. B— Geographic details of Pontal do Sul Balneary. C— Picture from the study area.
D — Satellite image from the study area.
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Paranaguá, Canal Sueste, Estado do Paraná). Prior to the sampling, there
were 22 days of constant rain with stronger peaks on the 8th and 23rd
January (215.4 and 124mm/day, respectively) and during the 6 sampling
days there were no rain events, apart from 1.2 mm of rain on the 31st
January (as per data provided by the Instituto Tecnológico SIMEPAR,
2010). During thework, the factors related to the variability in the release
of plastic pellets to the sea (direct losses or arrival of pellets bywaterflow
after rain events) was diminished because this study was designed to be
concentrated in a very limited period in which there was neither direct
influence of rain events nor reported losses of cargo. Sampling took
place twice a day, always during the slack ebb tide to consider the drift
lines of the last tidal cycle. Cycle 1 was usually sampled during themorn-
ing and cycle 2 during the night. We used that approach to test the null
hypothesis of very low variability in the amount of pellets deposited
through time (i.e. days and/or tidal cycles).

A beach portion (100 m stretch) with very homogeneous
morphodynamic characteristics was selected to reduce the effect of
non-controlled parameters, i.e., the input of pellets was considered
homogeneous along this beach portion. Ten transects (1 m wide) were
traced extending along the whole drift band, defined as the cross-shore
distance from the highest (landward) to the lowest (seaward) visible
detritus left (only evident drift lines were considered) during the last
tidal cycle (Fig. 1C). In each cycle sampled, the position of transects
were defined randomly. Measurements of the distance (m) of the drift
line from the frontal dune, width (m) of the drift line, and number of
drift lines (1 to 3) were taken during each sampling. To identify drift
lines and where the water reached in the last tidal cycle, perpendicular
lines were also drawn in the sediment during the subsequent cycles.
Therefore, if the high tide reached a lower level in a subsequent cycle
and, there was a drift line located above the watermark of that specific
cycle, that drift line was not sampled, as it would have been left by a
previous cycle (e.g. Supplementary information Table SI — cycle 10).

Pellets were sampled from each drift line only along transects; there-
fore no previous cleaning of the entire sampling area was included in the
sampling design. Collection of pelletswas done through scratching the sur-
face of the sand and therefore sampling included pellets buried sub-
superficially (max. 5 mm) and those harder to identify due to similarity
in colour and size to the sandgrains. Scratched sandanddebriswere stored
for subsequent laboratory sorting through two types of nets (10 mm, to
separate larger debris, and 1 mm to separate sand grains) to identify and
quantify pellets in each transect and sampling time. This approach also
allowed an estimation of the number of pellets in each drift line.
2.2. Differences among days and tidal cycles

Analyses of variance (ANOVA) were used to test the null hypothesis
of no difference in the number of pellets among tidal cycles and days.



Fig. 2. Drift lines. Location and number of drift lines in each sampling day/cycle, as well as
moon stage. Cycle 1 — dotted black line with filled symbol; Cycle 2 — solid grey line with
white symbol. Line A — circle, Line B — triangle up, Line C — triangle down.
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As the number of drift lines varied from 1 to 3 among cycles and days
(Fig. 2), two different analyses were done.

Firstly, the number of pellets present at one drift line (e.g. line A,
located closer to the frontal dune and commonly sampled in the studies
reported in the literature) from each tidal cyclewas compared. A second
analysis was done considering the total number of pellets in all drift
lines in each cycle (i.e., number of pellets per transect), thus integrating
estimates as recommended by Ryan and Moloney (1990). For both
analyses, data from the two cycles during 6 consecutive days were
used, considering the factors ‘Cycle’ (fixed, with 2 levels) and ‘Day’
(fixed and orthogonal, 6 levels,n=10). Cochran's test for heterogeneity
of variances was done prior to analyses and when necessary Ln(X + 1)
transformation was applied to the data to meet the analysis assump-
tions. Student–Newman–Keuls (SNK) tests were done for a posteriori
comparisons within significant factors (Underwood, 1997)..
Table 1
ANOVA of themean number of pellets in drift line A, among cycles and days. ‘Cycle’ (fixed,
with 2 levels) and ‘Day’ (fixed and orthogonal, 6 levels, n = 10). Heteroscedasticity was
tested with Cochran's test (C = 0.20, Ln(X + 1), NS).

Source df MS F P

Cycle Cy 1 2.67 4 b 0.05
Day Da 5 33.755 50.61 b 0.001
Cy × Da 5 5.3903 8.08 b 0.001
Residual 108 0.67

SNK testsa

Da (Cy) Cy 1 = Day 3 = 1 ≫ 2 = 4 ≫ 5 = 6
Cy 2 = Day 3 ≫ 2 = 4 = 1 = 5 ≫ 6

Cy (Da) 1st day = Cy 1 ≫ 2
5th day = Cy 1 ≫ 2

a Student–Newman–Keuls (SNK) test is used for post-hoc comparisonswithin significant
fixed factors (Underwood, 1997).
2.3. Differences among drift lines

The null hypothesis of no difference in the number of pellets among
drift lines was tested using ANOVA. As the number of drift lines varied
from 1 to 3 among cycles and days (see Fig. 2), two different analyses
were conducted.

Firstly, differences in the number of pellets among different drift
lines (ABC) in the same cycle and day were evaluated using data from
the 2nd cycle of the 3rd sampling day. The drift line ‘A’ was located
closer to the frontal dune, while the drift line ‘C’ was located closer to
the seawater. The factor considered was ‘Line’ (fixed, with 3 levels:
A, B and C, n=10). The second analysis compared the number of pellets
between two lines (A and B), during the 2nd cycle of two sampling days
(2nd and 3rd). The analysis considered the factors ‘Line’ (fixed, with 2
levels: A and B, n = 10) and ‘Day’ (random and orthogonal, 2 levels).
Cochran's and SNK tests were performed as above.
3. Results

3.1. Distribution of drift lines

From the twelve consecutive tidal cycles sampled, only the 4th and
6th cycles had two and three drift lines, respectively, with all remaining
cycles having only one line. The distance of the upper drift lines from the
frontal dune (i.e. height on the shore) also varied among tidal cycles.
From the 2nd to the 5th sampling days, there was overlapping of drift
lines from subsequent tidal cycles, and drift lines reached or were
even higher than the drift line from the previous cycle. Nevertheless,
the overlapping effect was stronger during the 2nd and 3rd sampling
days, when drift lines from subsequent tidal cycles reached the highest
portions of the beach (Fig. 2, Supplementary information Table SI).

3.2. Differences among days and tidal cycles

The results of the ANOVA on the number of pellets in line A of all
days and tidal cycles, indicated that therewas significant interaction be-
tween Cycles (Day) (Table 1). SNK tests showed that numbers of pellets
varied among days for both tidal cycles and also between tidal cycles in
two out of the six sampling days, although in different directions (Fig.
3). When the number of pellets was compared considering all drift
lines in each cycle, ANOVA also showed significant interaction between
Cycles(Day) (Table 2). Nevertheless, numbers of pellets were similar
among days for cycle 1 and varied for cycle 2. Differences between
tidal cycles also occurred in two out of the six sampling days, but com-
pared to the analysis considering only lineA, these occurred on different
days and, where they occurred, cycle 2 had greater numbers of pellets
than cycle 1 (Fig. 4).

3.3. Differences among drift lines

There were significant differences among the three drift lines (ABC)
sampled from the same cycle and sampling day (ANOVA: C = 0.55,
Ln(X + 1), F2,27 = 42.5, df = 2, p b 0.001). The number of pellets
decreased from line A (located closer to the frontal dune) to line B and
C (located closer to the sea) (Fig. 5). Nevertheless, anANOVA to evaluate
differences among lines (A and B) during the second cycle of these two
sampling days showed a significant interaction Lines x Days and the
SNK test demonstrated that differences were not constant between
lines nor through time (e.g. on the 2nd sampling day line B had more
pellets than line A, while on the 3rd day the number of pellets was
greater for line A) (Table 3 and Fig. 6).

Together, these results indicate the existence of high variability in
the abundance of pellets during a short temporal and spatial scale.
However, it would seem that some of that variability appears to be
related to the evident overlapping effect between subsequent tidal
cycles. When the distribution of drift lines (Fig. 2) is examined together



Fig. 3. Number of pellets at line A, between cycles and among days. Mean number of
pellets (±SE) at Line A, between two tidal cycles, during six sampling days. Lower case
letters denote differences in the number of pellets in the 2nd tidal cycle among sampling
days, while capital letters denote differences in the 1st tidal cycle of the days sampled
(as per SNK test).

Fig. 4. Total number of pellets, between cycles and among days. Mean number of pellets
(±SE) between two tidal cycles during six sampling days, considering the amount of
pellets in all lines. Lower case letters denote differences in the number of pellets in the
2nd tidal cycle among sampling days (as per SNK test).
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with the data on the number of pellets among days and cycles, it is
possible to see clearer patterns. Considering only drift line A from
subsequent tidal cycles (Fig. 3), during cycles where drift lines reached
lower heights on the shore than the line A from the previous cycles
(i.e. no overlapping effect) therewas a decrease in the number of pellets
sampled in subsequent cycles (e.g. 1st to 2nd and 6th to 7th cycles),
whereas when the line A only partially reached the line from the previ-
ous cycle, the number of pellets sampled tended to be similar (e.g. 2nd
to 3rd and 3rd to 4th cycles). Conversely, when line A reached the same
or higher portions of the beach face than the line A from the previous
cycles, there was an evident increase in the numbers of pellets sampled
(e.g. 4th to 5th and 5th to 6th cycles). Moreover, only two out of the 12
sampled cycles had more than one drift line (cycles 4th and 6th, Fig. 2),
but the patterns of distribution of number of pellets among days
and cycles were different between the analysis considering only
line A (Fig. 3) and that considering all drift lines (Fig. 4).

4. Discussion

Themain goals of this work were to investigate the small-scale tem-
poral and spatial variability in the abundance of pellets in the intertidal
zone of a sandy beach and to evaluate factors that can increase the
variability in data sets from that coastal area. We have demonstrated
that beach dynamic processes such as the overlap of strandlines and
Table 2
ANOVA of the mean number of pellets in all drift lines, among cycles and days. ‘Cycle’
(fixed, with 2 levels) and ‘Day’ (fixed and orthogonal, 6 levels, n=10). Heteroscedasticity
was tested with Cochran's test (C = 0.20, Ln(X + 1), NS).

Source df MS F P

Cycle Cy 1 2881.2 2.97 N 0.05
Day Da 5 13,399.76 13.82 N 0.05
Cy × Da 5 4126.7 4.25 b 0.05
Residual 108 969.91

SNK testsa

Da (Cy) Cy 1 NS
Cycle 2 Day 3 ≫ 2 ≫ 4 = 1 = 5 = 6

Cy (Da) Day 1 NS
2nd day Cy 1 ≫ Cy 2
3rd day Cy 1 ≫ Cy 2

a Student–Newman–Keuls (SNK) test is used for post-hoc comparisonswithin significant
fixed factors (Underwood, 1997).
possible artefacts of themethod traditionally employed inmicroplastics
surveys on sandy beachesmight increase the variability in data sets. The
results obtained are discussed here in terms of themethodological con-
siderations needed to understand the distribution of pellets and other
microplastics in the sandy beach environment and have special implica-
tions for studies aiming to understand patterns of input (as increased
variability in these estimates can hide long-term patterns), as well as
for studies comparing multiple beaches with samples not taken at the
same time. Our findings demonstrate that without a strict sampling
design it may be difficult to obtain reliable estimates on the rate of
entrance (input rate) and, indeed, quantitative comparisons among
areas, periods and studies.

We used tidal cycle as the measured unit, sampling pellets at drift
lines during 12 consecutive cycles and marking/delimiting on the
shore the position of each drift line and tidal height between cycles.
Statistical analyses of the abundance of pellets showed high variability
in the number of pellets between tidal cycles, and among sampling
days and drift lines in very small-scale temporal and spatial compari-
sons. Also, contrary to the general prediction, the amount of pellets de-
posited in the intertidal zone generally increased from the 1st towards
the 3rd sampling day, decreasing thereafter. The temporal variation
could only be observed as sampleswere taken during subsequent cycles
and this clearly showed that if estimateswere done using random point
Fig. 5. Number of pellets among drift lines from the same cycle. Mean number of pellets
(±SE) among three drift lines from the 2nd cycle of the 3rd sampling day. Small case
letters (a–c) denote significant differences among lines (as per SNK test).



Table 3
ANOVA of themean number of pellets betweendrift lines anddays. ‘Line’wasfixed, with 2
levels: A and B (n = 10) and ‘Day’ (random and orthogonal, 2 levels). Heteroscedasticity
was tested with Cochran's test (C = 0.34, Ln(X + 1), NS).

Source df MS F P

Line Li 1 1.381 0.03 N 0.05
Day Da 1 0.0125 0.01 N 0.05
Li × Da 1 51.4714 43.31 b 0.001
Residual 36 1.1884

SNK testsa

Li (Da)
2nd day = B ≫ A
3rd day = A ≫ B

Da (Li)
Line A = 2nd day ≫ 1st day
Line B = 1st day ≫ 2nd day

a Student–Newman–Keuls (SNK) test is used for post-hoc comparisonswithin significant
fixed factors (Underwood, 1997).
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sampling within this very short period, very different conclusions could
be drawn (e.g. if sampled on the 3rd or 6th days of this study). This
might be an important factor contributing to the great spatial variability
in the abundance and distribution of pellets reported in the literature,
which used point sampling strategies and compared samples taken
at different sampling sites using long time intervals (e.g. Gregory,
1978; Khordagui and Abuhilal, 1994; Abu-Hilal and Al-Najjar, 2009).
Moreover, it highlights the importance of including an assessment
of small-scale temporal variation in the design of studies aiming to
estimate the input of pellets, such as recently demonstrated for
meso-debris (Ryan et al., 2014).

Our results also demonstrate that when multiple drift lines are
present, calculations considering only the upper lines produced differ-
ent results in terms of abundance of pellets than those considering all
the lines present (or the transect data). Previous work has reported
that the abundance of small plastic debris in the upper strandline was
greater than at the cross-sectional line of the intertidal zone (Heo
et al., 2013) and recently, Dekiff et al. (2014) observed no significant
differences in the abundance of small plastics among the upper and
the lower drift lines. These conclusions were, however, drawn from
point observations and, our results have shown that when small-scale
temporal variation is considered in the analysis, the number of drift
lines and abundance of pellets among drift lines varied, although not
in a consistent manner. We have also demonstrated that the upper
drift lines do not necessarily concentrate most of the pellets, emphasiz-
ing that samples taken only at the upper drift lines should not be used as
an index to represent the input of pellets.
Fig. 6. Number of pellets between drift lines, cycles and days. Mean number of pellets
(±SE) at two drift lines (A and B) during the 2nd cycle of the 2nd and 3rd sampling
days. Small case letters (a and b) denote significant differences among lines in each
sampling day (as per SNK test).
Part of the variability observed in our data set (i.e. between
days/cycles and among drift lines) was clearly influenced by the
overlapping effect of drift lines between consecutive tidal cycles,
observed from the 4th to the 5th and 5th to the 6th cycles (both cycles
of the 3rd sampling day). It was possible to observe the influence of this
overlapping effect in the estimates of pellets from drift lines during
subsequent cycles because the history of their distribution was also
considered in the sampling design. This approach was important as it
demonstrated that the distribution of drift lines is uneven between
cycles and that the overlapping effect may cause important variation
in the estimates, since it may aggregate pellets from previous tidal
cycles with smaller amplitude/range and overestimate abundance.

This overlapping effect is very likely to occur in periods from neap to
spring tides or even between subsequent tides within a lunar phase.
Nevertheless, our results indicate a stronger overlapping effect for
both cycles on the 3rd sampling day, thus from spring to neap tides,
demonstrating that this effectmay also occur during other lunar phases.
Thus, the overlapping effect represents an intrinsic factor that can
directly influence estimates of abundance of debris from the surface
sediment of sandy beaches when using point sampling at drift lines or
across-shore transects in the intertidal zone. Since, most previous
studies examining the distribution of pellets and other microplastics
in the intertidal zone of sandy beaches have not considered the history
of the drift lines, the overlapping effect could represent an important
artefact of the sampling methods, which may have greatly contributed
to the variability in the estimates obtained.

Thus, intrinsic factors and methodological artefacts can increase
small-scale temporal and spatial variability in estimates of microplastic
abundance that can mask long-term trends. In addition, this variability
can make it difficult to compare estimates of the abundance of debris
from surface sediments of the intertidal zone of sandy beaches, as well
as hamper quantitative comparisons among areas and time and be-
tween studies. Previous studies have demonstrated the importance of
sampling using continuous transects to integrate small-scale spatial
variability in estimates of the standing stock of meso and micro debris
from sandy beaches (i.e. sampling debris accumulated at the back
shore) (e.g. Ryan and Moloney, 1990; Turra et al., 2014). Similarly, to
decrease such small-scale spatial variability, studies aiming to estimate
the input rate of pellets, should sample using continuous transects, with
samples taken from the surface sediment of the intertidal zone (i.e. from
the highest to the lowest watermark). Nevertheless, due to the overlap-
ping effect, estimates of input rates should also consider the history of
the drift lines present in the intertidal zone at each tidal cycle.

To achieve this, we suggest that tidal cycle should be used as the
measuring unit (marking the position of the high tide between cycles)
and, prior to sampling, the sampling area should be cleaned (e.g. during
the previous low tide). This could be done using manipulation
techniques where parts of the beach(es) would be prepared to
receive “new” debris using one of the methods suggested in previous
protocols for monitoring marine debris loadings on sandy beaches
(Cheshire et al., 2009; Ribic et al., 2010). Nevertheless, the amount
of litter deposited can be greater on sandy beaches closer to urban
centres (Barnes et al., 2009), which can prevent cleaning of large
areas (Ryan et al., 2014). Thus, for the purpose of standardizing
sampling methods, we suggest that future studies assessing pellet
inputs in the intertidal area of sandy beaches should only clean the
surface sediment in specific transects that will be sampled on the
subsequent tidal cycle and so, evaluate the total input of pellets
(i.e. delivered from the water and also those coming from lateral
areas). Turra et al. (2014) demonstrated that pellets are only found
in the surface sediment of the intertidal zone of sandy beaches.
Therefore, cleaning of transects could be achieved by scraping
the surface of the sediment with the aid of a hoe or a wooden rake
(e.g. removing about 5 mm of the surface sediment) and sieving
the removed sediment to recover debris for further sorting of pellets
in situ or in the laboratory.
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For the purpose of monitoring long-term changes in the input of
pellets, the integration of small-scale temporal variability is also funda-
mental and thus, samples should be taken during consecutive tidal
cycles to produce more reliable estimates. Nevertheless, this approach
may not be logistically feasible if several sites are to be compared at
the same time. In those situations, sampling on different beaches
could be conducted during similar lunar phases (see Martins and
Sobral, 2011), but ensuring that transects are cleaned during the tidal
cycle prior to sampling. If only onebeach is to bemonitored, consecutive
tidal cycles should be sampled for a longer time period (e.g. 30 days)
with sampling repeated in different seasons for many years.

Here, we have demonstrated that estimates of the abundance of
pellets in the intertidal zone can be highly influenced by intrinsic
small-scale temporal and spatial sources of variability as well as
artefacts of the sampling methods such as taking samples from drift
lines and the overlapping effect of drift lines. These sources of variability
are not usually considered in the sample design for studies evaluating
the abundance and distribution of microplastics and might, in part,
explain the high variability observed in estimates of microplastic abun-
dance in many data sets around the world (Kershaw and Leslie, 2012).
Our results also illustrate that quantitative comparisons among beaches
(e.g. Hidalgo-Ruz and Thiel, 2013; Browne et al., 2011) and studies
conducted in the intertidal zone of sandy beaches (e.g. Heo et al.,
2013; Hidalgo-Ruz and Thiel, 2013) should be made with caution.
This shows how difficult it is to evaluate patterns of distribution
for microplastics from the available literature, as comparisons among
works are hampered by the lack of consideration of the above
factors and by artefacts of the sampling methods employed. However,
understanding patterns of distribution and, particularly, the input
of pellets is of great importance as these type of data can be used to
evaluate the effectiveness of programmes aimed at helping the plastics
industry reduce the loss of pellets to the environment, such as
‘Operation Clean Sweep’ (OCS), first adopted in the USA and latterly
by several other regions around the world (e.g. Canada, European
countries, Australia, New Zealand)..

In conclusion, if we are to understand the distribution of pellets and
other microplastics on sandy beaches, standardized methods are
needed to identify the existing patterns. Furthermore, sampling designs
need to have a defined temporal and spatial scale and must incorporate
intrinsic sources of small-scale variability, as well as distinguish and
avoid the possible artefacts of sampling method. To achieve this, it is
important in the future to have a greater integration between research
activities dedicated to understand marine debris and the study of
beach dynamics. Moreover, it is essential to distinguish if the aim is to
evaluate the input of particles (i.e. sampling the surface sediment
of the intertidal zone) or their standing stock (i.e. sampling in the
backshore zone and considering the depth distribution of these parti-
cles). Suggestions on methods to evaluate patterns of accumulation
(i.e. standing-stock) have been provided by (Turra et al., 2014). To
understand patterns of the input of pellets and other microplastics on
sandy beaches, we recommend integrating small-scale temporal vari-
ability by sampling during consecutive tidal cycles. Small-scale spatial
variability can be reduced if samples are taken during the low tide
from the entire intertidal zone using continuous transects. Finally to
avoid artefacts of the sampling method such as the overlapping effect,
we suggest that specific transects should be cleaned for sampling during
the subsequent tidal cycle.
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