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Microplastics (plastic particles ≤ 5 mm) have been studied extensively in coastal areas
around the world in several habitats. Nevertheless, understanding and explaining the
temporal and spatial occurrence and dynamics of microplastics is challenging. For the
first time, three environmental variables were studied at six locations at the same time
for each season over a year, along the North and West coasts of Scotland. Surface
water was collected with a pole water sampler from the shore whilst beach sediment
was sampled using glass jars, and mussels were the target organism collected.
Concentrations of microplastics ranged from 0 to 6 ± 1.50 particles per l of surface
water. In beach sediment, microplastics concentrations ranged from 0 to 0.37 ± 0.12
particles per g.dw, whilst for mussels it ranged from 0 to 23.81 particles per g.ww.
This study was designed to determine the presence of microplastics as well as extend
the temporal and geographical scales. We developed a simple, cost-effective and
practical tool-kit to collect microplastics from the coastal environment and engaged the
public in scientific research. The tool-kit was designed to take into account the latest
recommendations for sampling each environmental substrate, whilst being practical
for citizen scientists to use. This research demonstrates that using a semi-structured
to structured project with a defined sampling approach including the participation of
the public with local knowledge can be an effective way to monitor microplastics in
the marine environment along the Scottish coastline. This approach, can be adapted
to other projects monitoring microplastics to increase the use of citizen science in
projects, allowing more studies to take place, more samples to be collected, and a
greater understanding of the occurrence and the potential impact of microplastics in
the environment.
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INTRODUCTION

Plastics have become a worldwide pollutant with an estimated
19–23 million metric tons entering aquatic ecosystems globally
each year (Borrelle et al., 2020). Plastics currently constitute
∼80% of the total litter found in the marine environment
(Moore et al., 2002; Galgani et al., 2015). Borrelle et al. (2020)
predicted an annual plastic emission of up to 53 million
metric tons in 2030, based on the current decisions and waste
strategies decided by governments. Due to the plastic presence
observed from terrestrial (Zhu et al., 2019; Kumar et al.,
2020; Sarker et al., 2020; Schell et al., 2020) to freshwater
environments (Lassen et al., 2015; Kanhai et al., 2017; Li
et al., 2020; Szymanska and Obolewski, 2020) as well as in a
number of marine habitats including the deep sea to surface
waters (Lusher et al., 2014; Thompson, 2015; Courtene-Jones
et al., 2017; Jamieson et al., 2019); geologists have proposed
the use of plastics as a marker for the Anthropocene era
(Waters et al., 2016).

Frias and Nash (2019) have given a general definition
for microplastics that are “any synthetic solid particle or
polymeric matrix, with a regular or irregular shape and with
a size ranging from 1 µm to 5 mm.” Microplastics can be
classified as either primary or secondary plastics (Frias and
Nash, 2019), with primary microplastics being intentionally-
manufactured small pieces, whilst secondary microplastics are
the result of fragmentation of larger pieces (Thompson and
Napper, 2018). These particles continue to degrade over time
due to physical, biological and chemical processes (Frias and
Nash, 2019) and consequently, they may become available for
ingestion to an increasingly wide range of marine organisms,
which could result in physical/physiological disturbances (Auta
et al., 2017; Avio et al., 2017). Microplastics vary in type,
shape, color and chemical composition (Frias and Nash, 2019;
Rochman et al., 2019).

Meijer et al. (2019) have estimated that 1,000 rivers are
responsible for 80% of global annual emissions of plastics to
the marine environment, ranging from 0.8 to 2.7 million metric
tons per year. Thus the coastal zone is a clear interface between
land (representing the main sources of plastic debris input)
(Jambeck et al., 2015) and the oceans, where the majority of
microplastics mix prior to dispersing to other habitats such
as the deep sea (Courtene-Jones et al., 2017; Jamieson et al.,
2019), sea ice (Kanhai et al., 2020; Kelly et al., 2020), the open
ocean (Desforges et al., 2014; Gago et al., 2016; Frére, 2017),
coastal areas (Blumenröder et al., 2017; Graca et al., 2017; Yu
et al., 2018) or interacting with marine organisms (Cole, 2014;
Rezania et al., 2018). Microplastics in sediments, water and
fauna have been extensively studied globally over the past few
years, and appear prevalent in these systems (Rezania et al.,
2018). Increasing knowledge of the occurrence and dynamics
of microplastics in the intertidal area is a key challenge that
needs to be addressed by developing monitoring programs at
a national scale (Zhang, 2017). It is essential to examine the
fluctuating composition of plastic particles by specifically looking
at temporal variations in several environmental variables (e.g.,
fauna, sediment, and water).

Citizen science is a powerful tool involving and engaging
the public with scientists in research projects to help monitor
environmental markers (Cohn, 2008; Wiggins and Crowston,
2011). The word “citizen” is used as part of “citizen science”
meaning a member of the wider community (Eitzel et al.,
2017). Welvaert and Caley (2016) explained that “citizen science”
is generally, and commonly, understood to mean “the public
participation in scientific research.” Citizen science based studies
grew exponentially over the past few years contributing to several
publications (McKinley et al., 2017). To allow projects to develop
robust monitoring and be comparable, Kelling et al. (2019)
suggested a studies’ classification based on clear and simple
elements: structured, semi-structured and unstructured. All
three groups have their advantages, however, a semi-structured
project is considered to be a good mix between a flexible and
attractive method for the public with a recorded observation
process, clear scientific objectives as well as rigorous and
well-defined data collection. This therefore allows for effective
and valuable monitoring of microplastics along the coastline
(Kelling et al., 2019).

Zettler et al. (2017), described citizen science as a resource to
increase spatial coverage, enhance sample size, create big datasets,
raise awareness and limit financial costs. Some initiatives have
proven to be successful, e.g., International Pellet Watch (Zettler
et al., 2017) engaging hundreds to thousands of volunteers in
scientific studies. The inclusion of citizen science in research
projects is undoubtedly facilitating the collection and analysis
of a high quantity of samples, as well as enhancing the spatial
and temporal breadth of areas studied (Hoellein et al., 2015;
Jambeck and Johnsen, 2015; Zettler et al., 2017). Other projects
focussing on plastic marine debris have also recommended using
citizen science for monitoring and collection of data (Syakti
et al., 2017). Trained volunteers and professional scientists’
data collection are comparable in terms of size composition of
plastic debris and time efficiency of collection (Van der Velde
et al., 2017). Nevertheless, concerns regarding the involvement of
volunteers for microplastic studies include the quality control of
data. However, the creation of simple, reliable and reproducible
protocols should result in little sample contamination by the
volunteer scientists (Hidalgo-Ruz and Thiel, 2013; Van der
Velde et al., 2017; Barrows et al., 2018; Forrest et al., 2019).
Forrest et al. (2019) demonstrated that citizen science provides
numerous advantages including producing reliable results when
studying microplastics in water samples, even if challenges were
encountered such as choice of sampling point by volunteers,
field blanks missing and limitation of the water volume collected.
Bosker et al. (2017) also pointed out the powerful use of citizen
scientists in the collection of microplastics data from beach
sediment at a global scale by covering 42 beaches including sites
in Europe through to the East coast of America. Lots et al.
(2017), confirmed the benefit of collecting sediment samples at
a European scale using volunteers by designing simple collection
methods to investigate microplastic pollution.

Beach sediment has been collected to investigate the presence
of microplastics in a plethora of studies, using a range of methods
from direct sampling with forceps, volume-reduced sampling by
sieving or using bulk sampling (Prata et al., 2019). Bulk samples
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seemed to include the broadest size range for microplastics
compared to sieving (Brander et al., 2020). Blumenröder et al.
(2017) suggested that the mechanical action of sieving would
create artificially more microplastics leading to an inflation in the
number recorded. Sieving would also potentially increase the risk
of contamination from the personnel or the environment. It is
also recommended to collect the top 5cm of beach sediment using
five replicate samples where microplastics seemed to be more
abundant (Brander et al., 2020). Marine surface waters collection
could be achieved by reduction in situ using nets (i.e., neuston or
manta), sieves or pumps. Those techniques would allow for large
volumes of water to be analyzed thus, outputs should be more
representative of the environment being sampled (Prata et al.,
2019). However, these techniques require considerable means
to deploy the equipment, i.e., a boat, or the need to transport
pumps to several sites across hundreds of km, which is not
practical for citizen science project. This is therefore perhaps
not the best method to be employing when citizen scientists are
involved. Nets can also clog easily causing a loss of particles
collected (Prata et al., 2019). Alternative techniques such as
the use of bulk samples (i.e., bottle and bucket) are preferred
with regards to the feasibility of sampling by citizen scientists
especially where large distances need to be covered as well as
for reducing contamination (Prata et al., 2019). Although small
volumes may not be accurate in representing the concentrations
observed in the environment, Prata et al. (2020) indicated that
low volumes allowed for the geographical and temporal range of
a study to be greatly extended.

The current published marine plastic studies have only used
citizen scientists to collect macroplastics or microplastics from
a single environmental variable through different time scales,
e.g., sediment (Hidalgo-Ruz and Thiel, 2013; Bosker et al., 2017;
Lots et al., 2017; Nelms et al., 2017; Ambrose et al., 2019;
Doyen et al., 2019; Carbery et al., 2020; Nel et al., 2020),
water (Barrows et al., 2018; Forrest et al., 2019; Sanders and
Brandes, 2020), or biota (Liboiron et al., 2016). Moreover,
Blumenröder et al. (2017) highlighted that a lack of protocol
standardization, combined with reduced numbers of quantitative
spatial and temporal studies are an limitation for the study of
microplastics in the environment. Marine Strategy Framework
Directive (2013) provided recommendations described protocols
to allow monitoring of marine litter and microlitter, in European
seas. There is a requirement to develop and apply standardized
methods to establish national microplastic database in European
Member States (Marine Strategy Framework Directive, 2013).

This study presents a methodological approach that is both
simple yet standardized based on the recommendations for the
collection of microplastics in coastal seawater, intertidal sediment
and wild blue mussels (Mytilus edulis). Sampling has been
undertaken in different locations over a distance of ∼400 km
at the same point in time, over a 12 months period to take
into account seasonal variation. To enable this, citizen scientists
followed the same protocols as the lead author for the collection
the environmental samples to determine the concentration of
microplastics in these three matrices and to contribute to the
creation of a reliable database. Thus, interacting with volunteers,
enabled a broader geographical region to be covered and allowed

the sampling campaign to be repeated through time to include a
temporal scale as recommended by Brander et al. (2020). This
paper demonstrates the potential use of citizen science as a
method to generate standardized data on the concentrations and
temporal variation of microplastics found in three environmental
matrices (water, sediment, and biota) along the North and West
coasts of Scotland.

MATERIALS AND METHODS

Study Area
Scotland has ∼18,000 km of coastline on the mainland alone
with some areas inaccessible or not easily reached due to
lack of infrastructure. To assess microplastics contamination
along the West and North coasts of Scotland (Figure 1),
samples were collected from six contrasting sites based on
several parameters, hydrodynamic activity (i.e., annual mean
wave power, annual mean significant wave height, wave exposure
index), anthropogenic activity (i.e., population number and
density) and the tidal range (i.e., mean spring tidal range)
that defined the sites (Table 1). The general description of
the sampling sites was based on the Marine Scotland, 2021
Maps National Marine Plan Interactive (NMPI) (Marine Scotland
(2021) Maps NMPI part of Scotland’s environment).

Citizen Science
To be able to cover this large region, citizen scientists were
recruited based on their educational background, science
knowledge, interest in the topic and field/monitoring
experiences, through professional contacts via emails, combined
with the Natural Environment Research Council (NERC) funded
Capturing Our Coast (2016) [CoCoast; (Capturing Our Coast
(2016): An innovation in marine citizen science)] citizen science
project. The team of citizen scientists ranged from postgraduate
students at UHI partner institutes, Islay Natural History Trust
volunteers and those who had been directly involved in the
CoCoast programme (10 participants in total).

The initial exchange with volunteers introduced them to
the topic, type of locations needed and why additional help
was required. Volunteers based at Thurso, Islay and Mossyard
(Figure 1) were asked to identify suitable sampling locations,
which combined selection criteria such as accessibility of the
site, sandy beaches with rocks present, the presence of blue
mussels, closeness to the volunteers’ home’s for safety reasons
and transport time of samples. Volunteers’ local knowledge was
invaluable in aiding site selection. Prior to any sampling being
undertaken, the citizen scientists took site photographs, recorded
GPS location data, provided detailed descriptions of proposed
locations, along with information on the selection criteria. Sites
were deemed acceptable once the research team and volunteers
were happy that the locations fulfilled the requirements for the
science to be valid. Simple protocols were designed and initially
field tested by the research team. Non-scientific personnel were
drafted in to review the protocol in the field so that issues could be
addressed prior to sampling kits being posted to the volunteers.
Additional information was also provided including sampling
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FIGURE 1 | The six sampling sites around the West and North coasts of Scotland.

schemes, pictures and a video explaining the methodology,
what clothing they should/should not wear (i.e., wellington
boots, waterproof jacket and natural fabrics as much as possible
to prevent contamination) as well as a reminder to work in
pairs to meet health and safety protocols. Volunteers were
required to read and accept SAMS’ risk assessment prior to any
fieldwork commencing. Before each sampling event, a video-
conference/telephone-call was organized between the lead author
and each of the volunteers allowing for any questions/queries to

be addressed. The lead author was also reachable by telephone
during each sampling campaign in case any problems were
encountered by the volunteers.

Sampling Kit
Sampling kits were designed to be simple tool-kits, easily used
by all volunteers. The tool-kit consisted of a pole-water sampler,
glass jars (15 of 7 ml), plastic bottles (5 of 500 ml), sealable
plastic bags, filter paper already placed in Petri dishes, aluminum
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TABLE 1 | Coordinates and general description of sampling locations based on the three main parameters of interest.

Sites Latitude Longitude Mean spring tidal
range (m)

Description

Islay – Carraig Fhada 55◦ 37′ 16.392′′ −6◦ 12′ 53.9994′′ 1.1–2.0 Control site

Thurso 58◦ 36′ 6.8034′′ −3◦ 32′ 31.5234′′ 3.1–4.0 High hydrodynamic activity, Highly populated

Oban – town center 56◦ 25′ 15.132′′ −5◦ 28′ 55.4874′′ 4.1–5.0 Low hydrodynamic activity, Highly populated

Oban – Ganavan sands 56◦ 26′ 20.0394′′ −5◦ 28′ 8.3634′′ 4.1–5.0 Low hydrodynamic activity, Low populated

Tiree -Balephuil 56◦ 27′ 34.0194′′ −6◦ 57′ 37.26′′ 3.1–4.0 High hydrodynamic activity, Low populated

Mossyard 54◦ 50′ 24.5034′′ −4◦ 15′ 26.316′′ 6.1–7.0 Low hydrodynamic activity, Low populated

FIGURE 2 | Sampling tool-kit compiled before sending the cool-box to citizen scientists.

foil, deionised water (1l), electrical tape, water-resistant pencil,
ice blocks (3) and a cool box (Figure 2). The water-sampler,
bottles, bags and jars were rinsed and cleaned with deionised
water and 70% ethanol prior to being sealed. The filter papers
and Petri dishes were examined using a stereomicroscope 37.5×
magnification prior to sealing with electrical tape to ensure no
contamination. Bottles, bags and jars were partially labeled to
facilitate the work in the field by the volunteers. All materials
were stored in an insulated cool-box immediately after collection
and during transport of samples to the laboratory, which allowed
safe transportation of materials. The cool-box provided thermal
insulation for the samples, resulting in slower development of
organic matter, as well as a convenient way to transfer materials
to and from the site. The volunteers were asked to take a knife
(Swiss army type knife) prior to going into the field, to be able to
remove the mussels from their substrate.

Sampling Collection
At all six locations, intertidal sediment (i.e., sand), coastal water
and benthic organisms (i.e., M. edulis) were collected four

times during the year (every 13 weeks) i.e., April 2018, July
2018, October 2018, and January 2019, to investigate seasonal
variability in microplastic abundances, polymer types and shapes.
All the sites were sampled at the same time (e.g., over the same
weekend) to avoid large weather and tidal disparities between
locations.

Intertidal Sediment
The most recent high tide line was the focus of this
study, to look at actual microplastic deposition rather than
accumulation over time as suggested by Hidalgo-Ruz et al.
(2012). Avoiding the springtide lines would allow the samples to
be more representative of the actual microplastic accumulation
(Blumenröder et al., 2017). The aim was to investigate the
effect of the tide, hydrodynamic and anthropogenic activities on
microplastic deposition on sandy beaches.

Three sampling points were randomly chosen using the
website Random.org True Random Number Service (1998) and
in this instance the points were 8, 12, and 21 m (Figure 3),taking
into account the length of the six beaches, to allow a coverage
of the microplastic variability in beach sediment. The top 5 cm
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FIGURE 3 | Collection of intertidal sediment at the most recent high tide line displaying the three points on Ganavan sands beach. The red line indicates the high tide
line.

of beach sediment was collected from five replicates at each
sampling point using a 7 ml metal-capped bijou glass jar
(Figure 4) as recommended by Brander et al. (2020). The five
replicates were collected perpendicular to the wet high tide mark.
A small petri dish with dampened filter paper (Whatman grade 1,
30 mm diameter) was left open next to the sampling point during
the process to assess for any air contamination (Figure 4). A total
of 15 samples were collected per location and per season. The
collection method was adapted from Blumenröder et al. (2017).

Surface Water
Coastal water was surveyed at the same site after the intertidal
sediment had been collected. Surface water was sampled using
a pole-water sampler and a sample bottle capable of holding
500 ml previously rinsed and cleaned with deionized water and
70% ethanol (Figure 5). After walking into the water to a depth
of ∼30 cm to avoid, as much as possible, the mixing area of
sand and coastal water, the water sampler was deployed to collect
the surface water (i.e., top 15 cm). Five replicates of 500 ml
were collected per site with a total of 2.5 l of water per location
per season as suggested by Prata et al., 2020. The pole water
sampler was wrapped in aluminum foil between collection of each
sample to avoid air contamination. In addition, between each
replicate, all material was rinsed with deionised water to avoid
environmental contamination. The quantity of water collected

was limited by the size of cool-box and the practicality of posting
the samples back to the laboratory. Plastic bottles were preferred
for sample collection compared to glass bottles in this study for
safety and practical reasons (i.e., price and fragility).

Biota: Mytilus edulis
Blue mussels (M. edulis), are commonly observed along the
shore in Scotland (Svåsand et al., 2007). Mytilus edulis were
collected from the rocky shore directly adjacent to the sampled
beach. Adults ranging in size from 2 to 5 cm were collected to
facilitate the statistical comparison of results between locations.
M. edulis were removed from the substrate using a knife rinsed
with deionised water prior to being used and any encrusting
organisms were detached from the shell of the mussel. Each
individual was rinsed with deionised water to remove any
potential contamination before being wrapped in aluminum foil
and individually stored in a plastic bag. Ten replicates were
collected for each site in each season.

Sample Storage
In the laboratory, water and sediment samples were stored in
a fridge at 5◦C for a few days or up to 6 months, respectively,
until the extraction and filtration processes could take place, to
decrease the development of organic matter in the samples. This
step also facilitated the recovery of microplastics using oil. To
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FIGURE 4 | Demonstration of sediment collection using a glass bijou jar as a scoop (a,b) with a dampened filter paper (c) to assess air contamination during the
sampling.

FIGURE 5 | Collection of surface seawater with a pole-water sampler using aluminum foil to avoid air contamination, (a) pole-water sampler protected from the air
with aluminum foil, (b) remove aluminum foil at the end of pole and screw the bottle sampler, (c) put pole in the water, release the button to collect water, (d) press
the button to avoid air coming into contact with the seawater, (e) put aluminum foil around the apertures to prevent air contamination and release the button prior to
transferring the water to the container.

ensure no loss of ingested microplastics from M. edulis, they were
frozen (−20◦C) to keep the shells closed until extraction.

Sample Processing
Intertidal Sediment
Glass jars were placed in a drying oven for 48 h at 50◦C with
a 140 µm metal mesh placed on top of them to reduce air
contamination. Blank samples were run at the same time to

assess potential airborne contamination in the oven. The sand
contained in the glass jar was weighed individually to record
the dry mass (g) of each sample. The sand from each glass
jar was mixed with 3 ml of canola oil combined with 25 ml
of deionised water and placed in a 250 ml conical flask [this
method was adapted from Crichton et al. (2017) and Courtene-
Jones (2019)]. The quantity of canola oil was adapted to the
sand mass content of one glass jar (approximately 10 g) and
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sand grain size [less fine than Courtene-Jones et al. (2017)].
Following the extraction, a cleaning step was added using an
ethanol (99%) 1:1 isopropanol (99%) solution to ensure that
the oily layer adhering to the particles was completely removed.
Using the ethanol–isopropanol solution resulted in successful
analysis of the polymer type using a Fourier Transform Infrared
spectrometer (FTIR) (Courtene-Jones, 2019). Each potential
microplastic was stored on a separate gridded filter paper and
labeled prior to FTIR analysis.

Surface Water
Water samples were filtered as soon as possible after the
storage step using a Buchner funnel with filter paper (Whatman
qualitative grade 4, 20–25 µm pore size), coupled to a vacuum
pump. The bottle containing the water sample was rinsed three
times with deionised water and then poured onto the same filter
paper to ensure that all potential plastic pieces were recovered.
The wet filter paper was stored and sealed in a glass petri dish and
labeled prior to observation and analysis.

Biota: Wild Mussels
Prior to enzyme digestion, individual mussels were measured
(length and width) using dial metal calipers to assess the size
ranges within and between locations. Individual mussel flesh was
placed onto a pre-weighed glass petri dishes to determine the flesh
mass (i.e., wet mass in g). The flesh of each mussel was cut into
five pieces, placed into a glass beaker and covered with aluminum
foil. A 0.625% Trypsin solution (following the methodology of
Courtene-Jones et al., 2016) was added to the mussel flesh (i.e.,
25 ml per mussel). The beaker was put onto a hot plate (38–
42◦C) with a magnetic stirrer for 30 min, after which the contents
were poured through a filter paper (Whatman qualitative grade
4, 20–25 µm pore size). After filtration, the beaker was rinsed
three times with deionised water to recover all particles from the
sample and this solution was also poured through the same filter
paper. The filter paper was stored in a glass petri dish, sealed with
electrical tape and labeled. These steps were repeated for each
individual mussel.

Microplastic Identification and
Characterization
Following quickly the filtration step, the filter papers (Whatman
qualitative grade 4, 20–25 µm pore size) were visually inspected
for microplastics using a dissecting microscope (WILD M5, 75×)
and particles were transferred manually with tweezers (TAAB –
High precision Stainless steel Anti-mag Type 3) to be stored
on separate gridded filter paper and labeled. The particles were
counted, photographed (Zeiss Stemi 2000-C microscope coupled
with a Zeiss Axiocam camera), measured (i.e., ocular scale)
and characterized by shape, color, length and polymer type.
Each potential microplastic was scanned to confirm its polymer
type using the FTIR in reflection and µATR collection mode
(wavelength ranging from 4,000–600 per cm−1) of an Attenuated
Total Reflection-Fourier Transform Infra-Red spectrometer
(ATR-FTIR Thermo scientific Nicolet iN10 and iZ10, software
Omnic Picta). Each final spectrum was the product of 16 co-
added spectra with a spectral resolution of 8 cm−1. Spectra were

compared with five inbuilt polymer libraries (Thermo Fisher)
to aid identification and processed through the atmospheric
suppression and baseline correction when necessary.

Contamination Control
A strict process was followed to avoid airborne contamination
during the sampling campaigns and in the laboratory. In the
field, volunteers wore natural fabrics when possible and collected
samples whilst facing into the wind. The material was rinsed with
deionised water and 70% ethanol if necessary and wrapped in
aluminum foil. The environmental contamination in the field
and the air contamination during laboratory work, were assessed
with petri dishes and dampened filter paper (Whatman grade 1,
30 mm) left on the bench or near the collection point (Courtene-
Jones et al., 2016). In the laboratory, a ‘clean room’ was allocated
to study microplastics (Lusher et al., 2017), air vents were covered
and the door remained closed during the experiment. Benches
were cleaned with 70% ethanol three times prior to starting
work (Murphy et al., 2016). Personnel wore natural fabrics and
a 100% cotton lab coat; long hair was tied back and numbers
were restricted in the laboratory. All apparatus were washed with
deionised water and 70% ethanol prior to use, and materials
were inspected under a dissecting microscope to ensure that they
were free of any contamination (Lusher et al., 2017). Wherever
possible the use of metal and glassware were preferentially chosen
over plastic. These steps were repeated each day and for each
extraction type. Procedural blanks were run for each protocol
and taken into account in the results by subtracting the particles
recorded from the database.

RESULTS AND DISCUSSION

Scientists often have to make a choice between the
representativeness and the precision of a sampling design to
answer scientific questions. In this study, the sampling protocols
for biota and sediment were adapted from Courtene-Jones et al.
(2016), Blumenröder et al. (2017), and Crichton et al. (2017).
This approach favored the accurate assessment of microplastic
concentrations at several locations and the feasibility of sample
transportation, over the collection of a high volumes of samples
that can be difficult to process due to time limitations. The bulk
technique to collect surface seawater from the shore using a pole
sampler worked well, as 100% of bottles were filled to the top and
sent back to the laboratory from all the six locations. All cool-
boxes were received in the 48h after each campaign and there
was no suggestion that volunteers had contaminated the samples
after following the strict protocol as described in the method
section. The order of magnitude of microplastics numbers within
each site per seasons was very similar ranging between 0 and 6
particles per l between the different samples, which demonstrated
no major contamination during the collection process (Table 2).
The minimum and maximum concentrations registered in this
study were 0 to 6 ± 1.50 microplastics per l, all sites and seasons
combined. Li et al. (2018) have observed similar concentrations
in coastal waters around the United Kingdom (UK) with a range
of 1.5–6.7 items per l. However, McEachern (2018) recorded
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TABLE 2 | Minimum and maximum of microplastic concentrations in seawater
(number of particles per l) with the standard errors for each site and season.

Sites Microplastic concentrations (N◦ min–max per 1 ± SE)

Spring Summer Autumn Winter

Thurso 0–2 ± 0.49 0–4 ± 0.80 0 0–2 ± 0.49

Ganavan sands 0–6 ± 1.50 0–2 ± 0.49 0–2 ± 0.40 0–2 ± 0.49

Oban 0–6 ± 1.16 0–2 ± 0.40 0 0–6 ± 1.17

Tiree 0–6 ± 1.09 0–2 ± 0.49 0–2 ± 0.40 0

Islay 0–6 ± 1.20 0 0–4 ± 0.63 0–4 ± 0.98

Mossyard 0–4 ± 0.98 0–2 ± 0.49 0–4 ± 0.80 0–6 ± 1.36

lower concentrations in surface waters in Florida, United States
of America, compared to this study with an average of 0.94
particles per l for discrete samples, while in Korea the average
concentration was 1.736 particle per l (Song et al., 2018). It
seemed that the concentrations observed in this study are of
the same order of magnitude as other studies around the world,
meaning that the protocol put in place could be suitable for
microplastics monitoring.

However, a high standard error between replicates at each
site over the year was obtained (Table 2) that may be the
result of the relatively small volume of water (2.5 l) collected. It
would not reflect the actual variability of microplastics in surface
waters (Brander et al., 2020). Work undertaken by Barrows et al.
(2018), demonstrated the difficulty of maintaining accuracy when
collecting small volumes of water, especially when microplastic
concentrations are already low (Barrows et al., 2018). The
results for water samples did give representative values from
the environment for small microplastics (Prata et al., 2020).
Those relative values are useful for monitoring, understanding
the potential impact of plastic particles and informing measures
to reduce this pollution (Prata et al., 2020). Prata et al. (2020)
collected surface waters with glass bottles of 1 l in four replicates
and extracted subsamples volumes of 0.1, 0.25, 0.5, 1, and 2.5 l,
to investigate the minimum volume required to detect the small
microplastics considered the most abundant fraction in the
environment. Taking into account the feasibility of collecting
and processing, Prata et al. (2020) suggested that 0.5–1 l of
filtered water would be recommended for future research. Their
study concluded that the utilization of small volumes would
allow for studies looking at the temporal and geographic scales
of microplastic studies to be undertaken with readily available
materials (Prata et al., 2020).

Nets could be considered as a mechanism for collecting
microplastics from the water as they filter greater volumes of
water but could underestimate the number of fibers sampled
due to larger mesh sizes. It is also more time consuming to
analyze the substantial quantity of particles due to the higher
volume of water filtered, even if it was more representative of
the environment (Prata et al., 2019). The nets would also be
difficult to deploy in shallow water along the shore and would
not recover the smaller microplastic sizes (Vermaire et al., 2017;
Prata et al., 2019). Grabs are more versatile and easy to use by
anyone thus more viable for citizen science studies despite the

lower volume collected and the potential of over-estimation of
microplastic concentrations due to contamination (Brander et al.,
2020). The results of this study support the recommendation
by Barrows et al. (2017, 2018) to investigate greater volumes of
seawater to define a minimum volume of samples that would be
representative of the environment using grabs or other collection
techniques (Prata et al., 2019).

One alternative would be to use a pump to collect a
greater volume of water and filter the surface water on-site
prior to laboratory analysis (Lusher, 2015; Zhao et al., 2015).
This technique would not only allow a greater quantity of
water to be collected but would also allow easy transportation
of samples (filters) to the laboratory and potentially avoid
environmental contamination. However, pump systems are
expensive to purchase and difficult to transport to different
locations (Zhao et al., 2015). Also, using a pump system
would require an energy supply for it, which is not practical
for use in a citizen science project. Therefore, a balance
needs to be maintained based on finances, practicality for
collection, working with numerous volunteers and collecting
water samples from multiple areas, versus water collection
from limited sites. Brander et al. (2020) suggest a combination
of grab and net techniques to analyze a wider quantity and
range of plastic particles in seawater. For example, McEachern
et al. (2019) combined discrete samples (i.e., 1 l per site
using a Van Dorn sampler) and plankton tows (i.e., 330 µm
net). No significant differences were observed in microplastic
concentrations between stations or regions (McEachern et al.,
2019), perhaps highlighting that the two techniques could give
the same outputs.

The bulk sampling approach to collecting beach sediment
worked, with 100% of the glass jars filled to the top, labeled
correctly and sent back to the laboratory from all six locations.
There was no evidence of volunteers indirectly contaminating the
samples thanks to the air contamination assessment in the field
with the dampened filter paper while collecting the sediment.
The order of magnitude of microplastic concentrations within
each site and season was similar ranging from 0 to 0.37 particles
per g.dw between the different locations and seasons which
seemed to reveal no major contamination during the process
(Table 3). The standard errors were smaller compared to the
water samples confirming that this technique was suitable to look
at microplastics in the sediment (Table 3). In Table 3, the low
number of microplastics recorded in samples could be justified by
the lack of samples analyzed. Indeed, 20% of all samples collected
were analyzed due to the closure of the laboratory as a result of the
COVID-19 pandemic. It affected the processing steps of sediment
samples. The concentrations recorded in beach sediment for this
study were more important than the concentrations observed
in Germany with 0.007 particles per g and 0.002 – 0.011 fibers
per g (Stolte et al., 2015). Meyer (2015) highlighted similar
amount of microplastic fibers in beach sediment in the North
of Scotland with a range of 0.015–0.155 fibers per g, while
Blumenröder et al. (2017) recorded a an higher amount of
microplastics in beach sediment in Orkney, with 0.73 particles
per g and 2.3 fibers per g. However, in China, the microplastic
concentrations registered in beach sediment were very high
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TABLE 3 | Minimum and maximum concentrations of microplastics in sediment
(number of particles per g of dry weight) with the standard errors for each
site and season.

Sites Microplastic concentrations (N◦ min–max per g.dw ± SE)

Spring Summer Autumn Winter

Thurso 0–0.15 ± 0.05 0–0.14 ± 0.04 0 0–0.14 ± 0.05

Ganavan
sands

0 0–0.09 ± 0.03 0–0.11 ± 0.04 0

Oban 0–0.11 ± 0.03 0–0.19 ± 0.06 0–0.26 ± 0.08 0–0.14 ± 0.03

Tiree 0 0 0 0–0.13 ± 0.04

Islay 0–0.25 ± 0.08 0–0.11 ± 0.04 0 0–0.15 ± 0.05

Mossyard 0–0.12 ± 0.04 0.12–0.30 ± 0.06 0–0.37 ± 0.12 0–0.25 ± 0.07

compared to this study with a range of 5.04–8.72 particles per g
(Qiu et al., 2015).

Bulk sampling produced the biggest range of size classes of
microplastics reporting particles from 1 µm to 5 mm (Brander
et al., 2020). This technique was chosen as it was a good method
to recover all sizes of microplastics from an area never studied
before. Moreover, as the bijou jars used to collect the sediment
were not plastic and no sieving step was applied this allowed
for a reduction in potential air contamination. Sieving could
artificially create more microplastic particles due to mechanical
action that would be avoided using bulk samples (Blumenröder
et al., 2017). As a result of their smaller volumes compared to
other techniques, bulk samples are more easily transported back
to the laboratory. All the recommendations cited by Brander et al.
(2020) have been respected such as collecting the first 5 cm of
sediment, making a transect, a minimum of five replicates per
point and approximately 10 samples per 100 m of beach.

When the volunteers collected biota such as wild mussels,
all the mussels were cleaned from their byssus and barnacles
attached to them and wrapped into aluminum foil to be stored
separately in a cleaned plastic bag. No liquid coming out the
mussels was visible when the cool-box arrived at the laboratory,
which meant that the transport went well and no potential
microplastics were lost. Again there was no concern raised
that volunteers had contaminated the samples because some
of the steps in the protocol were designed to clean and rinse
the mussels prior to storage. In Table 4, the standard errors
were low demonstrating that this technique was suitable to
look at microplastics in mussel. In Table 4, the variability of
concentrations of microplastics per g.ww could be explained by
the physiology and the size of the organisms (Brander et al.,
2020). The recommendations of Brander et al. (2020) have been
respected such as collecting 10 individuals per site or area.
Lastly, the volunteers respected the specific guidance provided
regarding the collection of adult specimens where possible, with
97% being included between 2 and 5 cm in length as mentioned
in the protocol. The concentrations observed in wild mussels
all sites and seasons combined were ranging from 0 to 23.81
microplastics per g.ww for this study. These results seemed
to be similar to the concentrations observed in Oban area,
Scotland with a range of 1.05 to 4.44 per g.ww (Courtene-
Jones, 2019). Catarino et al. (2018) have found similar level of

TABLE 4 | Minimum and maximum concentrations of microplastics recorded per
g of soft tissue wet weight with the standard errors for each site and season.

Microplastic concentrations (N◦ min–max per g.ww ± SE)

Spring Summer Autumn Winter

Thurso 0–1.37 ± 0.17 0–8.62 ± 0.84 0–23.81 ± 2.36 0–6.50 ± 0.61

Ganavan
sands

0–1.29 ± 0.13 0–4.72 ± 0.56 0–2.25 ± 0.23 0–0.99 ± 0.10

Oban 0–0.80 ± 0.10 0–0.67 ± 0.07 0–0.83 ± 0.09 0–7.56 ± 0.92

Tiree 0–1.18 ± 0.15 0–0.66 ± 0.07 0–0.44 ± 0.05 0–0.72 ± 0.09

Islay 0–3.94 ± 0.44 0–1.22 ± 0.18 0–2.00 ± 0.20 0–1.20 ± 0.17

Mossyard 0–0.71 ± 0.07 0–1.08 ± 0.11 0–0.49 ± 0.05 0–0.48 ± 0.06

microplastics in wild mussels around Scotland with an average
of 3.0 ± 0.9 particles per g. Those concentrations matched the
observations of microplastics in wild mussels in China with a
range of 0.9–4.6 particles per g (Li et al., 2016), whereas the
concentrations recorded in France were lower with an average
of 0.23 ± 0.20 microplastics per g.ww (Phuong et al., 2017).
Therefore, microplastic concentrations observed in wild mussels
in this study seemed to be similar to other studies in Scotland
and Europe, which means that the protocol could work for bigger
citizen science project.

Citizen science can be a powerful research tool enhancing
spatial and temporal coverage (Pocock et al., 2017), increasing
access to sites and samples (Honorato-Zimmer et al., 2019),
reducing financial project costs, raising awareness regarding
research or conservation aims (Eaton et al., 2017) and providing
opportunities for people to become involved in science projects
(Cohn, 2008; Bonney et al., 2009; Bosker et al., 2017). Calculations
were made for this study (Table 5) to confirm the extent to
which volunteers helped reduce the financial costs, time and
carbon footprint of the campaign. Table 5 demonstrates that
for this study using citizen scientists (10) helped decrease the
sampling time by 73%, lowered the carbon footprint by 65%
and reduced the overall financial cost by 63% by using this new
methodological development. Including more citizen science in
research would, potentially, allow more studies to take place,
and more samples to be collected. It could reduce the impact
on the environment and support the movement toward more
sustainable research.

These results indicate that in order to create and develop
a baseline monitoring for plastic pollution along the coastline,
as well as for studies that want to cover large spatial and
temporal scales, it is essential to have citizen scientists involved
in the project. Based on the definition of citizen science projects
by Kelling et al. (2019), this study would be classified in
the semi-structured to structured categories due to its well-
defined objectives, a rigorous protocol with open recruitment and
recorded observations during sampling. This type of project has
been recommended for the future due to the good collection of
scientific values, enough bias control, but still able to attract a
large number of volunteers (Kelling et al., 2019).

However, there are some drawbacks including difficulties in
finding volunteers without a pre-established network, training
and managing citizen scientists (which can be time-consuming),
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TABLE 5 | Calculations of carbon footprint, time and expenses for this study sampling campaigns done by the lead author alone or combined with citizen scientists.

Sites Car distance
(km)

Ferry distance
(miles)

Car carbon
footprint
(kgCO2)

Ferry carbon
footprint
(kgCO2)

Coolbox
transport carbon
footprint (kgCO2)

Ferry
price (£)

Hotel
price (£)

Food price
(£)

Petrol price
(£)

Coolbox
transport
price (£)

No. days

Sampling event (lead author alone) for this study

Oban→ Tiree→ SAMS (1×
return)

64 123.20 9.15 92.4 – 112.9 95 70 – – 2

Ganavan→ SAMS (2× return) 32 – 4.58 – – – – – – – 1

Oban→ SAMS (2× return) 24 – 3.43 – – – – – – – 1

Oban→ Thurso 348 – 49.76 – – – 154 80 – – 2

Thurso→ Port Ellen (Islay) 435 34.90 62.21 26.18 – 82.4 160 80 – – 2

Port Ellen (Islay)→ Mossyard 347 34.90 49.62 26.18 – 150 80 – – 2

Mossyard→ SAMS 305 – 43.62 – – – – 20 – – 1

TOTAL 1555.00 193.00 222.37 144.75 – 195.30 559 330 96.35 – 11

TOTAL sampling 1 season
(six sites)

1555.00 193.00 367.12 1180.65 11

TOTAL sampling 4 seasons
(six sites)

6220.00 772.00 1468.46 4722.6 44

Sampling event with citizen scientists and lead author for this study

Oban→ Tiree→ SAMS (1×
return)

64 (*52) 123.20 (*none) 9.15 (*7.44) 92.4 (*none) (*0.06) 112.90
(*none)

95 (*none) 70 (*none) 1.54 (*none) (*42.24) 2 (*1)

Ganavan→ SAMS (2× return) 32 – 4.58 – – – – – – – Same weekend

Oban→ SAMS (2× return) 24 – 3.43 – – – – – – – Same weekend

Thurso On site – – – 0.40 – – – – 55.92 Same weekend

Islay 77 – 11.01 – 0.22 – – – – 54.54 Same weekend

Mossyard 34.80 – 4.98 – 0.36 – – – – 42.24 Same weekend

TOTAL 231.80
(*219.80)

123.20 (*0) 33.15 (*31.44) 92.4 (*0) 0.98 (*1.04) 112.9 (*0) 95 (*0) 70 (*0) 1.54 (*0) 152.70
(*194.94)

2

TOTAL sampling 1 season
(six sites)

231.80
(*219.80)

123.20 (*0) 126.53 (*32.48) 432.14 (*194.94) 2–3 days

TOTAL sampling 4 seasons
(six sites)

927.20
(*879.20)

492.80 (*0) 506.12 (*129.92) 1728.56 (*779.76) 8–12 days

The lead author sampled the Tiree site themselves coming from Oban, (*) identifies the same sampling events if they had been done by a volunteer based on Tiree (so no transport between Oban and Tiree). The
car model used to calculate the carbon footprint and petrol price estimations was a Nissan Micra. The websites that were used to enable all the calculations were [Carbon Independent (2009) – Ferry sources, Dhl
Carbon Calculator (2021) – scenarios, Petrol prices. UK (2008), Caledonian MacBrayne Ferries (2021) – Timetable and fares, Car Emissions (2021) – car MPG, CO2 and emissions data]. The car carbon footprint (CO2)
was calculated by multiplying the distance in km (car) by the CO2 car emissions per km [Car Emissions (2021) – car MPG, CO2, and emissions data]. The same calculation was made for the ferry in miles [Carbon
Independent (2009) – Ferry sources]. When not using the car, the carbon footprint of cool-box transport were estimated with [Dhl Carbon Calculator (2021) – scenarios].
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sampling accuracy, as well as ensuring quality control in the field
and blanks for the assessment of environmental contamination
(Forrest et al., 2019). In our particular study, based on feedback,
all the volunteers had some previous field experience, a great
engagement with the topic, and a precision and rigor in applying
the methods. If this protocol was to be used again, it would
be useful to include video or live training through different
media platforms. The advantage of pre-recorded would be that
the volunteers could go back and have another look at the
file. Communicating positively with the public would potentially
interest more volunteers, especially if it fits their beliefs and values
(Domroese and Johnson, 2017).

Research teams planning to use citizen scientists in future
programs would benefit from accessing larger networks, creating
an online platform to facilitate the data collection from volunteers
as well as to showcase the results to a wider audience, developing
a promotional strategy which could recruit volunteers more
efficiently and be less time consuming (Bayas et al., 2017; Barrows
et al., 2018; Sanders and Brandes, 2020). Recording field site
data is also important for future studies. This should include
metadata such as wind speed, wind direction, wave height,
wave strength, substrate type and weather forecast which can all
provide useful information for the background understanding
of samples (Herrera et al., 2018). Barrows et al. (2018) also
suggested creating a smartphone application which could be used
by volunteers to easily record all useful site information.

Assessing the temporal variation of microplastics along the
coastline is one of the biggest challenges that coastal microplastic
researchers face. However, a 1-year study may not be long
enough to accurately assess the seasonal trends of abundance, or
composition, of microplastics in the environment. Barrows et al.
(2018) collected microplastics at multiple sites and found both
a significant annual and seasonal difference when comparing
samples from the same location over 2 years.

Heigl et al. (2019) suggested moving toward a global and
general definition based on scientific standards, communication,
collaboration and ethics of a citizen science project to ensure
standardization and higher quality of studies as more and more
research projects involve citizen scientists.

CONCLUSION

Concentrations of plastic in surface waters ranged from 0 to
6 microplastics per l depending on the sites and seasons. The
concentration of microplastics in beach sediment fluctuated
between 0 and 0.37 particles per g.dw for all sites and seasons
combined, while in wild mussels the number of particles
ranged from 0 to 23.81 per g.ww. From the results, the low
volumes for water and sediment samples seemed to be a
good compromise between the feasibility of the study and the
approximation to the real concentration for small microplastics.
Using low volumes combined with strict contamination process
and good identification protocols allowed us to extend the
temporal and geographical sampling of microplastics. The
novel aspect of this study was the collection by citizen
scientists of three different types of samples at several sites

that spanned ∼400 km of coastline, fundamentally at the
same time (i.e., the same weekend), several times a year in
Scotland. We proposed and deployed a simple, cost-effective
and practical collection method that facilitated microplastic
sampling for several matrices to enhance the knowledge of
microplastic distribution, fate and dynamics in the marine
environment. The practical tool-kit was designed to be easy
to use, small enough to be posted, and readily used and
understood by non-scientific personnel. This technique could
be adapted for projects in different environments and countries
due to its simplicity, showing the feasibility of monitoring
microplastics on a large spatial scale as well as on a temporal
scale at low cost.
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