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Microplastics are ubiquitous in the environment, are frequently ingested by organisms, and may potentially
cause harm. A range of studies have found significant levels of microplastics in beach sand. However, there is a
considerable amount of methodological variability among these studies. Methodological variation currently
limits comparisons as there is no standard procedure for sampling or extraction of microplastics. We identify
key sampling and extraction procedures across the literature through a detailed review. We find that sampling
depth, sampling location, number of repeat extractions, and settling times are the critical parameters of variation.
Next, using a case-study we determine whether and to what extent these differences impact study outcomes. By
investigating the common practices identified in the literature with the case-study, we provide a standard oper-
ating procedure for sampling and extracting microplastics from beach sand.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Human plastic consumption has increased at a dramatic rate over
the last decades. In 1979, global plastic consumption was estimated to
be 62 million tonnes, which increased to 160 million tonnes by 2000
(Pardos Marketing, 2006). More recently, global production rose 4% be-
tween 2013 and 2014, from 299 million tonnes to 311 million tonnes
(Plastics Europe, 2015). A significant proportion of this plastic enters
the environment; Jambeck et al. (2015) estimated it to be over 8 million
tonnes of plastic enter the marine environment annually. As of 2014, it
has been estimated that between 15 and 51 trillion particles, weighing
up to 236,000 tons have accumulated in marine systems (van Sebille
etal.,2015). One subgroup of emerging concern are small pieces of plas-
tic, termed “microplastics” (Thompson et al., 2004). These are further
subdivided into two groups. Primary microplastics are purposefully pro-
duced as micron-sized particles, and secondary microplastics are frag-
ments from the breakdown of larger plastic debris. Due to the
longevity of plastics, their fragmentation and accumulation in the envi-
ronment have been considered as one of the most profound and long-
lasting recent changes to the Earth's surface (Barnes et al., 2009). The
small size of microplastics make them available to both vertebrates
and invertebrates. Microplastic ingestion has been observed in a wide
variety of organisms, including zooplankton (Cole et al., 2013;
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Desforges et al., 2015; Setala et al., 2014), filter feeders, such as oysters
and mussels (Cole and Galloway, 2015; Van Cauwenberghe et al.,
2015a; Van Cauwenberghe and Janssen, 2014), and fish (Lusher et al.,
2013; Mazurais et al,, 2015).

There is a growing body of literature investigating microplastic pol-
lution on beaches, including industrial plastic beads or granules, plastic
fragments, and plastic fibres (Van Cauwenberghe et al., 2015b). While
many studies identify the presence of microplastics in the environment,
there remain large inconsistencies in their sampling, extraction, and
consequent quantification (Shim and Thompson, 2015). Another recent
study emphasized the inconsistency in microplastic sampling and ex-
traction techniques, and stressed how current studies are often incom-
parable as a result (Van Cauwenberghe et al., 2015b). This variation in
sampling and extraction processes throughout the scientific literature
can potentially prevent comparison across studies (Cole et al., 2011).
The variation makes it difficult to perform spatial and temporal distribu-
tion analysis, limiting our understanding of the overall microplastic pol-
lution on beaches. This is particularly apparent with studies quantifying
microplastics in beach sand, as shown in a recent methodological re-
view (Hidalgo-Ruz et al., 2012). For example, there is considerable var-
iation in the maximum depth during sampling. A number of studies
sample the top 1 cm of sand alone (Baztan et al., 2014; Liebezeit and
Dubaish, 2012). Others sample the top 5 cm (Heo et al., 2013;
McDermid and McMullen, 2004). Due to the current lack of knowledge
regarding transportation of microplastics, the different depths used for
sampling may determine the abundances recorded. Furthermore,
there is an overt problem of varying units throughout the literature
(Van Cauwenberghe et al., 2015b). Microplastics have been reported
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as a quantity per area (Hidalgo-Ruz and Thiel, 2013), per volume
(Baztan et al., 2014) and per weight (Dekiff et al., 2014). Although con-
versions are sometimes possible, the density of the sampled sand may
have to be estimated, and if wet weight is used it cannot be compared
with dry weight.

Similarly, there are differences in extraction procedures of plas-
tics from beach samples. Although studies generally follow a similar
method of extraction by flotation in a dense salt solution (Thompson
etal., 2004), a number of parameters within this process vary great-
ly, or are not defined. Furthermore, a review of 44 studies on beach
sand microplastic quantification revealed that the stirring and set-
tling times defined for microplastic extraction varied widely. Simi-
larly, the filtration process, including extracting the supernatant,
was frequently unspecified (Hidalgo-Ruz et al., 2012). While some
studies mention repeat extractions to improve extraction effective-
ness, in most studies this is not included (Browne et al., 2011;
Claessens et al., 2011).

In addition to the methodological inconsistencies, there has been a
lack of consensus regarding the size range of microplastics. The Europe-
an Marine Strategy Framework Directive (EMSFD) suggests that the
upper bound for microplastic size should be plastic items <5 mm in
their largest dimension (Galgani et al., 2013). Although many studies
do identify microplastics as plastic material <5 mm, they do not specify
dimension sizes, leaving definitional ambiguity (Baztan et al., 2014;
Galgani et al., 2013; Heo et al., 2013; Liebezeit and Dubaish, 2012;
Martins and Sobral, 2011). Several studies consider 1 mm to be the
maximum size, and generally they also omit dimension sizes (Browne
et al, 2011; Claessens et al., 2011; Dekiff et al, 2014; Van
Cauwenberghe et al.,, 2013; Vianello et al., 2013).

To overcome the lack of comparability between quantitative studies
on microplastics on beaches and to allow cross-examination, our study
aims to provide guidance to develop a standardized methodology for
microplastic sampling and extraction. This work consists of three
parts: firstly, we perform a detailed literature review to identify key dif-
ferences in beach microplastic sampling and extraction procedures; sec-
ondly, in order to determine whether these differences impact study
outcomes a case study at Meijendel beach (the Netherlands) is
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performed; finally, we synthesise our findings and provide a standard
operating procedure for future beach microplastic investigations.

2. Materials and methods
2.1. Literature review

A detailed literature review was conducted to identify key method-
ological procedures in need of standardization in both sampling and ex-
traction of beach sand. Only primary studies assessing microplastic
pollution (or equivalent) in beach sand were considered. Studies includ-
ed were peer-reviewed and published up until 31/12/14. Searches were
made with Web of Science [v5.19] using the following keywords:
“microplastic pollution”, “microplastics beach”, “microplastics beaches”,
“microplastics sediment”, “plastic fragments beaches”, “plastic debris
beaches”, and “plastic fragments sediment”. A total of 22 studies were
identified as meeting the selection criteria (Table 1).

We split the findings into sampling procedures and extraction pro-
cedures. Data regarding the variability in sampling procedures includ-
ed: microplastic size definition, beach zones sampled, sample size, and
sample depth. Data regarding variability in extraction procedures includ-
ed: sample drying temperature/duration, settling time, number of repeat
extractions, and quantitative units. The sampling and extraction proce-
dures were then analysed and compared in terms of methodological
variability.

2.2. Case-study

The case-study design was dependent on the findings of this litera-
ture review. As such, we list the key findings here, and outline findings
further in the results section. In order to determine whether and to what
magnitude these literature-identified variations in sampling and extrac-
tion procedures influenced study outcomes, a case-study was conduct-
ed in Meijendel, the Netherlands (Fig. 1). The predominate direction of
the current near the beach is north-eastwards along the coast, while the
predominant wind direction is southwest. Sand was collected at the

Table 1
Summary on sampling and extraction methodology used in beach sand sampling.
Size Sampling Extraction
definition Beach n Sampling Drying Extraction Stirring time ~ Settling  Repeat
zone*2b depth duration/Temp process (min)/speed  time extractions

Location Study references (cm) (°C) (rpm) (min)

UK Thompson et al. (2004) N/D ITA N/D N/D N/D/N/D Flotation 0.5min/N/D 2 N/D
Hawaii McDermid and McMullen (2004) 1-15mm HTL/SLZ 2 55 N/D/N/D Flotation 1/manually N/D N/D
Singapore Ng and Obbard (2006) N/D HTL 4-8 1,10-11 N/D/N/D Flotation 1/200 360 3
India Reddy et al. (2006) N/D ITA 10 5 N/D/N/D Flotation 60-120/N/D 15 N/D
Brasil Costa et al. (2010) <1 mm HTL 9 2 Overnight/100  Sieving only N/A N/A N/A
Portugal Frias et al. (2010) <5 mm HTL N/D 2 N/D/N/D Flotation N/D /N/D N/D N/D
UK Browne et al. (2010) <1 mm HTL 30 3 N/D/N/D Flotation N/D /N/D N/D N/D
Belgium Claessens et al. (2011) <1 mm HTL/ITA N/D N/D N/D/N/D Flotation 1/N/D 60 2
Malta Turner and Holmes (2011) N/D Random 11-29 N/D N/D/N/D Sieving only N/A N/A N/A
Portugal Martins and Sobral (2011) <5 mm HTL 6 2 N/D/N/D Flotation N/D /N/D N/D N/D
Germany Liebezeit and Dubaish (2012) <5 mm N/D 13-15 1 N/D/70 Flotation N/D /N/D N/D 3
Chile Hidalgo-Ruz and Thiel (2013) <1 mm HTL 6 2 N/D/N/D Sieving only N/A N/A N/A
South Korea Heo et al. (2013) <5 mm HTL/CS 10-49 5 N/D/N/D Sieving only N/A N/A N/A
India Jayasiri et al. (2013) <5 mm HTL 3 2 N/D/N/D Flotation N/D /N/D N/D N/D
Italy Vianello et al. (2013) <1 mm N/A 2 0-5 N/D/90 Flotation 1.5/N/D 60 3
Brasil Fisner et al. (2013) N/D SLZ 10 0-100° N/D/N/D Flotation N/D /N/D N/D N/D
Canary Islands Baztan et al. (2014) <5 mm HTL 35-88 1 N/D/N/D On-site flotation N/D /N/D N/D N/D
Norderney Dekiff et al. (2014) <5 mm HTL 12 3 N/D/60 Flotation N/D /N/D N/D N/D
Canada Mathalon and Hill (2014) <5 mm HTL/MTL/LTL N/D 3-4 N/D/65.5 Flotation 1-2 /N/D 3-6 min. 2
Canada Castaneda et al. (2014) <5 mm N/A 6 10 N/D/N/D Sieving only N/A N/A N/A
Romania Popa et al. (2014) N/D N/D 3 N/D N/D/N/D Flotation N/D /N/D N/D 3
Slovenia Laglbauer et al. (2014) <5 mm HTL/ITA 3 5 24 h/100 Flotation 2/manually 30 2

2 HTL = High Tide Line (including shore line and tidal mark), MTL: Mid Tide Line, LTL = Low Tide Line, ITA = Intertidal area, SL = Shoreline, SLZ: Suppralittoral zone, CS: Cross section.

° In 10 cm bands.
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Fig. 1. Locations of different beach zones sampled across the beach segment (Zones A, B C and D). Zone A: Inter-tidal zone (ITZ) (between high and low tide), Zone B: High tide line (HTL
(line of deposition from high tide), Zone C: supralittoral zone 1 (SLZ30) (30 m from dunes), Zone D: Supralittoral zone 2 (SLZ15) (15 m from dunes).

(Source: Google Maps. Inset: Netherlands and Northern-western Europe)

high tide line of Meijendel beach, the Netherlands (Fig. 1) in the spring
of 2015 and 2016. Random samples were collected at the beach in four
zones over a 100 m stretch (Fig. 1: n = 10 samples per zone, total of 40
samples). Sampling was conducted using a sampling quadrat of 50 x 50
cm, which was placed at the sampling location. Next, a metallic spoon
was used to collect sand from the top 5 cm (measured with a metallic
ruler) in the four corners of the sampling quadrat, as well as the centre.
The sand was then put through a 5 mm metallic sieve and stored in a
plastic sealed container, which was rinsed in the laboratory prior to
use. Between sampling, the materials were rinsed using seawater. In ad-
dition, on four sites additional depth samples were taken (4 depths/site
for a total of 16 samples). Sand was transported back to the laboratory,
dried, and kept at room temperature until extraction.

To extract the microplastics, a fully-saturated salt solution was pre-
pared by dissolving 358.9 g of NaCl in 1 L of demineralized water
(water density of 9043 kg/m? at 20 °C). This solution was stirred for
48 h at 600 rpm at 60 °C. The salt-solution was left to cool down, and
then filtered to remove impurities using 47 mm Millipore 0.45 pm filter
papers (Fisher scientific, the Netherlands). Filtration of the salt-solution
is key, as a previous study found microplastic pollution in table salt
(Yang et al., 2015). Extraction of microplastics was achieved by density
separation. Dry sand was combined with saturated salt solution (ratio of
100 g dried sand in 400 mL of salt-solution) and stirred with a magnetic
stirrer for 2 min at 600 rpm. The supernatant was carefully poured into a
vacuum filtration system (Thermo Scientific Nalgene, the Netherlands)
and filtered through 47 mm Millipore 0.45 pm filter papers. The filter
papers were then examined under stereo-microscopes at up to 40 x
magnification and microplastics were systematically counted, which al-
lows for quantification of microplastics in the range of 0.3-5 mm
(NOAA, 2015). Based on the most commonly used definition in the liter-
ature review, microplastics were defined as plastic material smaller
than 5 mm in their largest dimension. To assess laboratory contamina-
tion we also ran a blank. This involved using 200 mL of filtered, saturat-
ed salt solution without sand, following the identical procedure detailed
above. This was repeated for each set of extractions, thereby offering a
quantification of contamination.

We split our investigations into methodological variation by sam-
pling and extraction procedures.

2.2.1. Investigating sampling procedures

Optimal sampling depth: Sand samples were taken at depths of 1, 2,
5 and 10 cm. A metallic ruler was used to control the depth during sam-
pling. A sample was taken for each depth at four different locations on
the beach (3 m, 14 m, 20 m and 32 m from a reference location of 52°
0829.0"N, 4°19'15.6"E).

Sample size per 100 m stretch: To determine the impact of sample
size (n) on the precision of the mean, expressed as confidence interval
around the mean (d), a statistical analysis was performed. We
expressed d in units of standard deviation of the sample (s). To deter-
mine the sample size needed for different confidence intervals and at
different confidence levels [0 = 0.90 (Z = 1.65), oo = 0.95 (Z = 1.96)
and oo = 0.99 (Z = 2.56)] the following equation was used, based on
normal distribution:

R4

o Q

Next, using the data collected in the case study we visualized the im-
pacts of sample size on the confidence interval around the mean (d) at
different sample sizes (n ranged from 2 to 40) by rearranging formula

(1):

d= 2)

sz
e

Optimal beach sampling location: Sand samples were taken from
four different areas of a beach segment (Fig. 1), ranging from the
high-tide line to the supralittoral zone. From each zone ten sand sam-
ples were taken at 3 m, 14 m, 20 m, 32 m, 41 m, 45 m, 50 m, 59 m,
77 m and 98 m from a reference location (52°08'29.0"N, 4°19’15.6"E).
GPS coordinates of the sampling sites are shown in supplementary in-
formation (Supplementary Table 1).

2.2.2. Investigating extraction procedures

Drying duration: the time required to fully dry 250 g of wet weight
sand (collected at the high tide line) in an oven at 60° was quantified.
The weight of sand samples was measured after 0, 24, 48 and 72 h of
drying. Three sand samples were used to account for moisture variation.

Settling time: After stirring 50 g of sample beach sand in 200 mL of
fully saturated saline solution for 2 min at 600 rpm, visual observations
about the clarity of the extracts (or solutions) were conducted hourly. A
control with 200 mL of the same saline solution without sand was used
as a control.

Number of repeat extractions: to quantify the number of
microplastics, 6 samples were extracted five consecutive times per sam-
ple. The number of microplastics counted for each extraction was
recorded.
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Table 2
Definition of size dimensions of microplastics in beach sand (based on literature review; n
= 22 peer-reviewed studies).

Definition of microplastics Number of studies

<1 mm 5

<5mm 10

<15 mm 1

No clear definition 6

Inclusion of dimensions (other than default definitions) 1
Table 3

Sampling locations on the beach (based on literature review; n = 22
peer-reviewed studies).

Sampling location Number of studies®

Low tide line 1
Intertidal zone 5
High tide line 14
Supralittoral zone 2
Not defined 1
Not applicable 2

¢ Multiple locations were sampled in a total of 5 studies, therefore the
number of studies exceeds 22.

2.3. Statistical approaches

Statistical analysis was conducted using XLSTAT-Base with a signifi-
cance level set at a < 0.05. Statistical analysis, in the form of a Kruskal-
Wallis test, two-way analysis of variance (ANOVA) was applied to sam-
pling location and sampling depth data. The presence of distributional
differences in microplastic abundance across the beach zones, and
among different sample depths was tested. The non-parametric,
pairwise Dunn test was used to reveal any significantly differing groups.
Non-parametric tests were chosen due to the small sample size for each
beach zone and depth variable.

3. Results
3.1. Literature review

There was a significant amount of variation in sampling procedures
across studies (Table 1). The definition of a microplastic varied across
studies, with five studies defining a microplastic as <1 mm and ten stud-
ies as <5 mm (Table 2). Interestingly, six out of 22 studies did not pro-
vide a clear definition of a microplastic, and only one out of the 22
studies provided information on the dimensions (Table 2). The sam-
pling location at the beach also varied among studies, with the high
tide line being the most common beach zone to sample (Table 3). Of
the 22 studies, 12 sampled at or near the high tide line, strandline or
shoreline, while four studies sampled in the intertidal area, and only
two studies sampled in the supralittoral zone (Table 3). Five studies
sampled at multiple locations on the beach (Table 3).

Sampling depth varied greatly among studies: the majority of stud-
ies sampled the top 2 cm or top 3-5 cm of the beach, with only two

Table 4
Sampling depth during beach sampling for microplastics (based on literature re-
view; n = 22 peer-reviewed studies).

Sampling depth Number of studies

Top 1 cm

Top 2 cm

Top 3-5cm

Top 6-10 cm

Not defined

Range of sampling depths

wwNn N

Table 6
Drying time and drying duration of beach sand samples (based on litera-
ture review; n = 22 peer-reviewed studies).

Drying time Number of studies
Overnight 1

24h 1

Not defined 20

Drying temperature Number of studies
60-70 4

71-80 0

81-90 1

91-100 1

Not defined 16

Table 5

Number of replicate samples taken to determine loads of microplastics in beach sand
(based on literature review; n = 22 peer-reviewed studies).

Number of replicate samples Number of studies®

1-3
4-6
7-9
10-12
>12
Not defined 4

W N WU

2 In some studies a range of sample sizes were used, in which case the highest
sample size was used in this table.

studies sampling the top 1 cm or top 6-10 cm of the beach (Table 4). Im-
portantly, four studies did not define sampling depth within their study.
Noticeably, the number of samples taken from one beach varied greatly,
from 2 to up to 88 (Table 5), while four studies did not provide the sam-
ple size within their study.

During the extraction phase there was also a significant amount of
variation among procedures (Table 1). The majority of studies (17 out
of 22) used flotation to extract and quantify microplastics. In the other
five studies, the samples were first sieved, followed by visual assess-
ment, in most cases with a microscope. The duration of drying per sam-
ple was not provided for the majority of studies (20 out of 22) and when
provided it ranged from 12 to 24 h (Table 6). This is important as most
studies expressed the number of microplastics per volume or weight of
sand, and the wetness of the sand can influence the outcomes. The set-
tling time after stirring the sand/salt-solution was not defined in 10
studies. In studies where it was defined, it ranged from 30 s to 6 h
(Table 7). The settling time determines the extent of material obtained
in the filtration process. With short settling times the separation process
is less effective as dense material obscures microscope identification of
microplastics. The number of repeat extractions was not reported in
10 of the studies which conducted separation by flotation, while three
studies each conducted 2 or 3 repeat extractions (Table 8).

3.2. Case-study

The blanks used in the study resulted in limited background contam-
ination. On average, there were 3.3 +/— 3.27 microplastics found on the
blanks.

Table 7
Settling time before extraction after stirring of sand/salt solution
(based on literature review; n = 22 peer-reviewed studies).

Settling time Number of studies

<30 min 3
30-60 min 3
>60 1
Not defined 10

Not applicable 5
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Table 8
Number of repeat extractions used to quantify microplastic loads in beach sand
(based on literature review; n = 22 peer-reviewed studies).

Number of repeat extractions Number of studies

1 0
2 3
3 3
Not defined 10
Not applicable 5

3.2.1. Optimization of sampling procedure

Sample size per 100 m stretch: Fig. 2A shows that if a confidence in-
terval around the mean of 1 standard deviation is deemed sufficiently
precise, a sample size of between 3 and 5 samples is needed, depending
on the desired confidence level. Sample size increases rapidly with
smaller confidence intervals. For example, a sample size of 11 is needed
to reach a 0.5 standard deviation at a confidence interval and a confi-
dence level of 90%. This increases to 22 samples per 100 m stretch
with a confidence level of 99%. Fig. 2B shows that in our case-study
the confidence interval around the mean at low sample sizes is large,
but rapidly decreases after 5 samples per 100 m stretch.

Sampling depth: Microplastics were found in all samples at every
depth (Table 9). There were clear differences among the mean number
of microplastics in 50 g dry weight samples from different depths. Sam-
ples taken from the top 1 cm and 5 cm both had a mean of 23.5
microplastics per 50 g of sand, while samples from the top 2 cm and
10 cm had means of 13.0 and 12.5 microplastics per 50 g of sand respec-
tively (Table 9). The variance across locations was high, however, statis-
tical analysis found significant differences among samples from the four
different depths (Kruskal-Wallis test, k = 8.143, p = 0.043). Pairwise
analysis identified significantly fewer microplastics in samples taken
from the top 10 cm, compared with samples from both 1 cm (Dunn pro-
cedure, p = 0.04) and 5 cm (Dunn procedure, p = 0.03). No other
pairwise differences were statistically significant (p > 0.05).

Sampling location at beach: Microplastics were found in all locations
and no statistically significant differences identified between sampling
locations were observed (Kruskal-Wallis test, K = 2.048, p = 0.563;
Table 10). The total number of microplastics identified ranged from 10
to 75 per 50 g sample (Table 10). This equates to 200-1500 per kg of
dry weight sand.

81

Table 9
Total number of microplastics observed from samples at depths of 1 cm, 2 cm, 5 cmand 10
cm, from four sites at Meijendel beach.

Total number of microplastics

Sample depth Site 1 Site 2 Site 3 Site 4 Mean St. dev
1cm 38 23 17 16 23.5 10.1

2 cm 12 21 10 9 13.0 5.5
5cm 17 36 21 20 235 85

10 cm 8 16 14 12 12.5 34

3.2.2. Optimization of extraction protocol

Drying duration: With an initial wet weight of 250 g, the resultant
sand dry weights differed by sample (225.2 g to 229.1 g). A temperature
of 60 °Cand a drying time of 48 h were required to reach dry weight. The
majority of the weight reduction occurred within 24 h. This suggests
that a minimum drying time of 48 h at 60 °C is required to ensure no
variation between samples.

Settling time: Hourly observations of the turbidity of solutions differed
per sample and location. Only the sample from the intertidal zone was
completely clear after 5 h. Samples from the other sampling locations
were observed as “almost clear” after 5 h (Supplementary Table 2). This
suggests that a minimum of 5 h is required for beach sand salt-solutions
to completely separate the microplastics from the sand particles.

Number of repeat extractions: Multiple extractions are needed to re-
cover microplastics. Our results indicate that on average, only 30.2%
(range 12.5-45%) of microplastics were recovered after the first extrac-
tion, compared to a total of five extractions (Table 11). This percentage
increases to 62.8% (range 47.1-76.5%) after 2 extractions, 83.0% (range
70.6-94.1%) after 3 extractions (Table 11). The 4th and 5th extraction
yielded significantly less microplastics than the first three extractions,
ranging from 0 to 5 plastics (Table 11). With 4 extractions, the percent-
age yield compared to 5 extractions was between 88.7 and 100%, with a
mean of 93.3% (Table 11).

4. Discussion

We found significant differences in sampling and extraction proce-
dures across beach microplastic studies. In particular, the definition of
microplastics, the sampling depth, sample size, sampling location, dry-
ing duration, settling time of the sand/salt solution, and the number of
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Fig. 2. (A) The impacts of the desired confidence interval around the mean [expressed in units of standard deviation (s)] on the required sample size; and (B) the confidence interval at
different sample size in the case-study conducted at Meijendel beach (The Hague, the Netherlands).
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Table 10

Number of microplastics per 50 g dry-weight beach sand from Meijendel beach, at the
interidal zone (ITZ), high tidel line (HTL), and supralittoral zone at 30 m 30 m (SLZ-30)
and 15 m 15 m (SLZ-15) from the dunes (see Fig. 1).

Number of microplastics per 50 g dry-sand

Beach  Sample number Mean  Std. dev.
zone

1 2 3 4 5 6 7 8 9 10
ITZ 13 21 24 32 31 75 20 13 34 28 2910 17.75
HTL 17 36 21 20 24 55 12 26 16 25 2520 1237
SLZ-30 17 23 23 20 22 18 24 28 22 16 2130 3.62
SLzZ-15 10 28 26 25 26 25 16 17 48 38 2590 1091

repeat extractions are found to be either highly variable, or unspecified.
The fact that different definitions of microplastics are used across stud-
ies makes comparison difficult. Our findings reiterate the difficulty of
comparing across studies given the range in different sampling and ex-
traction methods applied. Based on our literature review we suggest
using the definition of microplastic items less than 5 mm in their largest
dimension. This is in line with definition of the European Marine Strat-
egy Framework Directive (EMSFD; Galgani et al,, 2013), and is compara-
ble to the definition by the National Oceanic and Atmospheric
Administration (NOAA).

The variation in sampling depth and sampling location was seen in
the secondary literature search and confirmed by our data collection.
Importantly, our case-study indicated that location of sampling on the
beach may not influence the overall outcomes of the results. Our find-
ings are in line with previous studies, where no clear distributional pat-
tern of microplastics at different sampling locations was found
(Hidalgo-Ruz and Thiel, 2013; Mathalon and Hill, 2014). In addition,
we found limited impact of sampling depth, with the exception of sam-
pling the top 10 cm of the beach. To the best of our knowledge, this is
the first study to compare loads of microplastics across different sam-
pling depths. Our results indicate that research using samples from dif-
ferent depths within a 1 to 5 cm band remain comparable. Based on this
study we advise sampling of the top 5 cm of sand, as is most commonly
done across studies.

Our sampling results showed a relatively high variability across rep-
licate samples. In addition, the literature found a high variability in the
number of samples taken per 100 m stretch, ranging from 2 to 88 repli-
cates, with the majority of studies taking 3 or less samples. Our analyses
show that the confidence interval around the mean at low sample sizes
is relatively high. Based on our data from the case-study the confidence
interval around the mean was relatively high at low sample sizes, but
when approaching 5 replicate samples, the confidence interval de-
creased rapidly. We therefore suggest that researchers conduct a sam-
ple size calculation using formula (1) before starting their assessment.

We did find significant impacts of extraction procedures on study
outcomes, and thus comparability across studies. As identified, impor-
tant aspects of the methodology, such as sand drying and settling time

Table 11

o Size range 5 mm of less in largest dimension

¢ Determine sample size using sample size calculator™
e Sampling top 5 cm
* 5 mm sieve on-site
e Collect a minimum of 100 g sand (wet weight)
® 48 hrs drying at 60 2C )

o Use fully satutured salt solution (358,9 g/L) )
e Dissolve 50 g (d.w.) sand in 200 mL of salt solution
o Stir at 600 rpm for 2 min

¢ Leave to settle (>6 hrs)

o Filter under vacuum (<1 pm pore filters)

* Repeat extraction three times )

Fig. 3. SOP flowchart for sampling and extracting microplastics from beach sand.

for stirred sand solutions, are regularly unspecified. For example, a
number of studies specify a settling time for stirred mixtures as under
an hour (e.g. Thompson et al., 2004; Srinivasa Reddy et al., 2006;
Mathalon and Hill, 2014). On the contrary, this study identifies that
over 5 h is required for the settling process. In addition, repeat extrac-
tions can have a significant impact on the study outcomes. We found
that a minimum of 3 repeat extractions are needed to recover ~80% of
samples compared to 5 repeat extractions. These results differ from a
study by Mathalon and Hill (2014), who found that the majority of
microplastics were extracted after the first extraction.

In several studies additional steps are taken to differentiate between
natural and chitin fragments or cellulose fibers, such as FT-IR or Raman
spectroscopy (e.g. Thompson et al., 2004; Claessens et al., 2011), differ-
ential staining (e.g. with Nile Red; Andrady, 2010), gas chromatography
with mass spectrometry (Dekiff et al., 2014), or pre-treatment with hy-
drogen peroxide (e.g. Mathalon and Hill, 2014; NOAA, 2015). No sys-
tematic review on these additional steps has been conducted to date,
and future studies should focus on the impact of these steps on overall
microplastic quantification.

Based on the outcomes of the literature review and the case-study
we have developed a Standardized Operation Procedure for sampling
and extracting microplastics from beach sand. The SOP is intended for
studies with the objective of quantifying microplastics in beach sand,
and was limited to standard laboratory equipment and resources. A
flowchart outlining the key steps in this SOP is shown in Fig. 3; further
details are given in the Supplementary Information.

Microplastics counted from extraction filter papers, for 5 samples, with 5 repeat extractions. Including the percentage of total yielded from 1, 2, 3 and 4 extractions.

Microplastics quantified per extraction

Average
Extraction number Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
1 14 12 9 4 5 3 7.8
2 7 8 5 9 3 14 7.7
3 17 3 3 3 4 4 5.7
4 1 5 2 1 4 1 23
5 5 3 1 0 1 2 2.0
Total 44 31 20 17 17 24 25.5
% from 1 extraction 31.8% 38.7% 45.0% 23.5% 29.4% 12.5% 30.2%
% from 2 extractions 47.7% 64.5% 70.0% 76.5% 47.1% 70.8% 62.8%
% from 3 extractions 86.4% 74.2% 85.0% 94.1% 70.6% 87.5% 83.0%
% from 4 extractions 88.6% 90.3% 95.0% 100.0% 94.1% 91.7% 93.3%
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5. Conclusions

A literature review on microplastics in beach sand found significant
variation in sampling and extraction procedures. A case-study in
Meijdendel, the Netherlands, found that sampling depth (1-5 cm) and
sampling location have limited impact on the study outcomes. Howev-
er, settling time and number of repeat extractions need to be standard-
ized for comparison across studies. Our study results show an optimum
recovery of 5 h of settling time and 3 repeated extractions. Based on the
literature review and case-study, a Standard Operation Procedure (SOP)
was developed in order to improve comparability between studies. The
SOP is easy to perform and requires low amount of sophisticated equip-
ment, enabling it to be easily used, and making it feasible for less devel-
oped countries and, even citizen science projects.
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