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The baseline for micro- and
mesoplastic pollution in open
Baltic Sea and Gulf of Riga beach
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Anda Prokopovica®', Sanda Svipsta® and Juris Aigars®

*Latvian Institute of Aquatic Ecology, Riga, Latvia, ?Faculty of Geography and Earth Sciences,
University of Latvia, Riga, Latvia

Microplastic pollution has become widespread, occurring even in areas with low
anthropogenic impacts, small human populations, and low tourism intensity.
Marine beach sand represents the interface between inland and marine
environments and acts like a fingerprint of all the processes happening within
the onshore catchment and in the sea, driven by marine hydrodynamic
processes. An extensive dataset is required from different coastal ecosystems
to understand microplastic pollution. Here, we set the baseline for micro- and
mesoplastic pollution distribution in 24 beaches along the Latvian coastline
(Northern Europe, Baltic states), filling the existing knowledge gap and
contributing to the global understanding of microplastic particles presence,
transport, and the processes governing its dynamics. We also highlight citizen
science as a fundamental tool to support data collection and raise awareness
about microplastic pollution, as samples were collected by up to 250 volunteers
during organized campaigns. To improve the understanding of the driving forces
responsible for plastic pollution distribution along beaches, we analyzed sand
granulometry, sample location, hydrodynamic variables (waves and currents),
and tourism/leisure intensity. Our results demonstrate that the semi-closed Gulf
of Riga beach environment contains fewer micro- and mesoplastic particles
(0.10 particles/kg dry sand) compared to the open Baltic Sea (0.16 particles/kg
dry sand). For microplastic size fraction particularly, a separate cluster can be
distinguished showing a higher microplastic concentration and greater presence
of fibers associated with coarser beach sand in the open Baltic Sea and eastern
part of the Gulf of Riga. Recreational activity was not observed to have any
statistically significant effect on microplastic distribution. We have concluded
that hydrodynamics is an important factor for microplastics distribution and
accumulation, but the impacts are of local scale, and results vary significantly
among existing studies.
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1 Introduction

Since the mass production of plastic was initiated in the 1950s—
when 1.5 million metric tons were generated—global production
has increased to 390.7 million metric tons in 2021 (Plastic
production worldwide 2021, 2023). Only approximately 9% of all
plastic is recycled, and 12% is incinerated (Geyer et al., 2017), while
the remainder circulates in the environment and can become
integrated into food chains. Microplastics are small pieces of
plastic, less than 5 mm in length, which are either produced
commercially or derived from the fragmentation of larger plastic
items; these microplastics have become widespread pollutants,
posing physical and toxic harm to both ecosystems and
organisms, especially in aquatic habitats (de Sa et al., 2018;
Botterell et al., 2019; Campanale et al., 2020; Bhuyan, 2022).
There are no signs of a possible decrease in global plastic
production in the near future (Geyer et al., 2017); therefore, the
regular collection of accurate data is imperative for monitoring the
impact and expansion of microplastic pollution. This is particularly
important for human-impacted, pollution-sensitive, and dynamic
ecosystems such as coastal beaches.

Moreover, the European Commission has defined qualitative
descriptors (D) that describe a good marine environmental status
(GES) in the Marine Strategy Framework Directive of the European
Union. In this framework, D10 descriptors aim to protect the
marine environment against harm from litter. One of the primary
criteria of D10 describes the effects of composition, amount, and
spatial distribution of micro-litter on the coastline (European
Parliament, and Council of the European Union, 2008).
Microplastics have also been suggested as a criterion for
environmental certification — Blue Flag beach status, which is a
recognized trademark describing high standards of sustainable
beach management that considers environmental, educational,
safety, and accessibility aspects (Kutralam-Muniasamy et al,
2022). Consequently, different guidelines for microplastics
monitoring have been developed, and numerous studies have
reported concentrations of microplastics in beach sand worldwide
(Wessel et al., 2016; Besley et al., 2017; Duncan et al., 2018; Eo et al.,
2018; Constant et al., 2019; Gauci et al., 2019; GESAMP, 2019;
Gonzalez-Hernandez et al., 2020; Haseler et al., 2020; AMAP, 2021;
Chouchene et al.,, 2021; Wu et al.,, 2021; Gyraite et al., 2022; Lyu
et al., 2022; Mesquita et al., 2022; Nhon et al., 2022). Hence, the
amount of available data on microplastic pollution in beach sand
has grown rapidly, but still, few studies have been conducted
explaining the reasons and impacting factors of pollution patterns
and dynamics for a particular area. Various aspects have to be
considered - beach exposure to anthropogenic pressure, point and
diftuse pollution sources, climate conditions, tidal regime, and
hydrodynamics of the water. There are conflicting research
conclusions, and multiple replications of studies in different
locations are needed to be able to extrapolate the data. For
instance, Vermeiren et al. (2021) and Enders et al. (2019) found
that sand granulometry determines microplastic abundance, while
Urban-Malinga et al. (2020) concluded that microplastic
concentration is not related to sand granulometry. In several
studies, this is indicated as an unresolved research question
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(Alomar et al, 2016; Schroder et al, 2021). Lately, the role of
coastal area water hydrodynamics has been highlighted, suggesting
physical processes (i.e., wave energy, currents) affect plastic particles
and may overcome the effects of other impacting factors (Urban-
Malinga et al,, 2020), ie., high microplastic concentration is
associated with low-energy areas (Harris, 2020), and fiber
distribution particularly is impacted by wave characteristics and
rip currents (Misic et al., 2019).

In our study, we compiled comprehensive baseline data for
micro- (1-5 mm) and mesoplastic (>5 mm) pollution along 24
marine beaches in Latvia, northeastern Europe. The Baltic Sea is a
shallow, brackish intercontinental sea and one of the world’s largest
brackish water basins, with a surface area of 370 000 km? and an
average depth of 55 m. The Gulf of Riga (GoR) is a semi-enclosed
basin located in the eastern part of the Baltic Sea. The GoR covers
an area of approximately 17 913 km?> (volume 405 km®, average
depth 26 m) (Leppiranta and Myrberg, 2009). It is connected to the
Baltic Sea via two shallow straits — the Irbe Strait in the west and
Suur Strait in the north, with the majority (70-80%) of water
exchange occurring through the Irbe strait (Petrov, 1979). The
catchment area of the GoR is 134 000 km?, and five major rivers
(Daugava, Gauja, Lielupe, Salaca, and Parnu) discharge into the
GoR. The majority of the freshwater (86%) discharges in the
southern part of the gulf (Berzinsh, 1995); thus, together with
the limited water exchange with the open Baltic Sea, a salinity
gradient can be observed from the Irbe strait to the south and
southeast of the GoR. A common perception of the GoR is that the
outflow/inflow occurs through the surface/bottom layers via the
Irbe strait with cyclonic (anti-clockwise) mean surface circulation
within the gulf (Leppéranta and Myrberg, 2009). Nevertheless,
model analyses in the GoR (Soosaar et al., 2014; Lips et al., 2016a;
Lips et al., 2016b) have shown that variations exist to this “common
perception” - cyclonic and anticyclonic circulation patterns
alternate in the GoR depending on the season and other factors.

The Baltic Sea is exposed to many hazardous substances and
pollutants, including inputs from wastewater treatment plants,
agricultural activities, atmospheric deposition, and transboundary
pollution (HELCOM, 2022). The Baltic Sea also accounts for 15% of
global cargo traffic (HELCOM, 2009), with a shipping
concentration that is among the highest in the world. Almost 90
million people inhabit the drainage basin of the Baltic Sea (Ddos
et al., 2004; Malkki and Perttild, 2012). To sum up, anthropogenic
pressure is high, as is sensitivity to environmental pollution. At the
same time, coastline biotopes are significant for ecological
functioning and suitable for recreation and tourism.

To date, microplastic data of Latvian beach sand have only been
presented in a single peer-reviewed publication (Haseler et al,
2020). The authors included four Latvian sites in a larger dataset
and used a sand rake as a sample collection tool. Due to the
preconditions needed (dry and fine sediments with no pebbles or
gravel) and uncertainties regarding the sampled sand volume (the
sampling depth of the top sand layer is approximately between 3
and 5 cm), this method has never been repeated, neither in those
four beaches nor in other beaches in Latvia.

Due to the high profile and social importance of our subject
matter, sample collection was conducted by non-professional
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volunteers under the guidance of professional research personnel.
This citizen science approach has been applied in many research
fields, including surveys of microplastics in beach areas. For
instance, the United States Environmental Protection Agency has
developed a citizen science protocol for sampling microplastic
pollution on beaches (US EPA, 2021). A methodological
approach and new tool kit to collect microplastics from sand,
water, and biota in Scotland have been provided by Paradinas
et al. (2021). Concentrations of metals on microplastics were
analyzed using citizen science in Australia (Carbery et al., 2020).
Several studies on microplastic distribution have been supported by
citizen science participants locally, i.e., in Chile (Hidalgo-Ruz and
Thiel, 2013), France (Doyen et al.,, 2019), Isles of Scilly, UK (Nel
etal,, 2020), Ecuador (Jones et al., 2022), and globally (Bosker et al.,
2017; Lots et al,, 2017). Commonly mentioned potential benefits of
citizen scientists’ involvement in water-related studies were listed by
Walker et al. (2021); of those we found relevant to our study were
public engagement, raising awareness, material/knowledge gain,
and mutual trust development. The goal of this study was to fill
in the existing research gap on microplastic pollution distribution
along the Baltic Sea coast in Latvia, thereby contributing to a global
understanding of the occurrence, dynamics, and future trends of
microplastics in beach sediments. Here, we present data from 24
beaches located both in the Gulf of Riga (GoR) and the open-sea
part. In addition to our descriptive results, we address the following
research questions: (1) do our results (the concentration, shape, and
polymer type of microplastic particles) differ between the coast of
the open sea and the GoR?; (2) is the concentration of microplastic
particles sand grain-size distribution dependent (sand
granulometry approach)?; (3) does the concentration of
microplastic particles correlate with the suitability of beaches for
recreational activities? Possible microplastic pollution transport
patterns were discussed using the obtained data from SmartBuoys
as complementary material to the present but rather limited (based
on in situ measurements) knowledge regarding current dynamics in
the study field. Measured wave characteristics from the SmartBuoys
were used to see if there is some difference in the open Baltic Sea
compared to the GoR regarding the characteristics of microplastics
(e.g., particle size).

2 Materials and methods
2.1 Study area

The coast of the Baltic Sea is 498 km long in Latvia and is
located adjacent to both the open sea (Eastern Gotland basin) and
the shallow semi-isolated GoR. Most beaches are sandy; however,
gravel, pebble, and rocky seashores are also encountered.
Approximately 44% of the population inhabits coastal areas,
mainly concentrated in four large cities: Riga, Jurmala, Liepaja,
and Ventspils. During the summer, the number of inhabitants
increases appreciably in coastal cities and villages. The study area
also includes the free ports of Riga and Ventspils, the Liepaja Special
Economic Zone, and seven small ports (Nikodemus et al., 2018).
We included 24 beaches in our study (Figure 1), which differed in
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terms of accessibility, nearest settlement size, available
infrastructure, and visitor population. A detailed description of
each beach is provided in the Supplementary Material (Table SI).

2.2 Environmental data

SmartBuoy data were obtained from two smart buoy systems — one
is deployed in the eastern coast of the open Baltic Sea near the Pavilosta
port, with coordinates of 56.88985 N and 21.07413 E, and the other is
deployed in the eastern coast of the GoR near the Skulte port, with
coordinates of 57.31998 N and 24.36355 E (see Figure 1, red circles A
and B, respectively). Data about the surface currents (speed, direction)
and wave characteristics from the year 2021 (May-September) with a
temporal resolution of 1h were analyzed in relation to the study theme.
The speed and direction of currents were acquired using a single-point
ZPulse® Doppler Current Sensor 4420 (Aanderaa, Norway, connected
to a SmartGuard measurement system) with a resolution of 0.1 mm/s
and 0.01°, respectively. Data about wave characteristics were acquired
using Wave and Tide Sensor 5218 (Aanderaa, Norway, connected to
the SmartGuard measurement system). The significant wave height
(H,) and peak wave period (T},) were recorded as wave parameters. The
wave measurements were based on the pressure time series measured
over a time period of 120 seconds.

Wave power was calculated for each instant using the following
deepwater formula:

_pg2
641

H’T

P T,

where P is the wave energy flux per unit of wave crest length, p
is the water density, and g is acceleration due to gravity (Dean and
Dalrymple, 1991; Thorpe, 1999; Dean and Dalrymple, 2001).

2.3 Recruitment of citizen scientists in
material collection

The project activity was initiated and partly funded by the
Latvian student sorority Selga.

The study design was developed by the Latvian Institute of
Aquatic Ecology (LIAE). To manage the sampling effort required
along a 498 km-long coastline, citizen scientists were recruited. The
criteria for selection comprised an interest in the study topic and an
ability to be present in the designated sampling areas at a specific
time/date.

Sampling protocol was prepared and initially field tested by
LIAE. Based on that, an informative short video was prepared and
distributed among potential citizen scientists. The citizen scientists
were recruited through personal contacts of the student sorority
Selga and mainly consisted of sorority members and their families
and friends of varying ages, educational backgrounds, and
knowledge. On some occasions, NGOs, government
representatives, local school children, journalists, and sailing
foundation representatives also participated.

Overall, approximately 250 citizen scientists participated in the
sample and data collection. All were informed about the project, its

frontiersin.org


https://doi.org/10.3389/fmars.2023.1251068
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Dimante-Deimantovica et al.

10.3389/fmars.2023.1251068

22°E 23°E 24°E

57°N

56°N

8 Ventspils

Jurmala

FIGURE 1

Sampling sites for micro- and mesoplastic pollution survey — 24 beaches along the Latvian sea coast and the placement of SmartBuoys. 1-Pape; 2-
Jurmalciems; 3-Liepaja; 4-Liepaja Karosta; 5-Akmenrags; 6-Pavilosta; 7-Jurkalne; 8-Ventspils; 9-Irbe river inflow; 10-Kolka; 11-Purciems; 12-Roja;

13-Mersrags; 14-Abragciems; 15-Engure; 16-Lapmezciems; 17-Majori; 18-Daugavgriva; 19-Vecaki; 20-Lilaste; 21-Saulkrasti; 22-Laucu akmens; 23-
Tuja; 24-Salacgriva; SmartBuoy near Pavilosta port (A); SmartBuoy near Skulte port (B)

aims, and the need for their assistance, and quality measures and
safety issues were discussed. Professional researchers introduced the
citizen scientists to the sampling methodology, followed by a
practical demonstration of the techniques required. At least one
LIAE representative was present at all sampling instances to ensure
quality control, guidance, and safety. Following the initial sampling
sessions, feedback was collected from the citizen scientists regarding
field protocols, and their comments were addressed to improve the
protocols. Slight protocol adjustments did not affect the study
concept or sampling effort to affect the results.

2.4 Sampling kit and procedure

Our sampling points at the 24 beaches were selected based on
information from a 10-year campaign known as “My Sea” by the
Foundation for Environmental Education in Latvia, during which
macro-garbage including plastic was surveyed along the Latvian
coastline. Hence, all sampling points were in accessible, well-
recognizable areas. The coordinates and description of each site
are presented in the Supplementary Material (Table S1). Each
sampling kit consisted of a net, measuring tape, 0.5 m x 0.5 m
metal frame, glass jars, plastic containers, metal spatulas, metal
buckets, sieves, metal cups, and wash bottles (Figure 2). In addition,
the participants used aluminum folium, scissors, water-resistant
markers (for labeling), labeling tape, and forceps. All jars and metal
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items were pre-washed in the laboratory, the jars were rinsed with
filtered distilled water and covered with foil and a metal lid.

At the beginning of sampling, a 100 m transect was drawn
parallel to the coastline using a measuring tape. Samples were taken
near the water line, where beach sand is regularly washed by the
seawater. Along each transect, three samples of 0.5m x 0.5m frames
were collected. The locations of frames along the 100 m transect
were chosen by randomly generated numbers.

The largest items of organic origin (such as plants) were
collected and rinsed with seawater that had been filtered through
a nylon net with a mesh size of 90 um. Large and visible meso- and
macroplastic particles (e.g., cigarette filters, ear swabs, fragments of
plastic bags) were rinsed and placed in labeled glass jars. The metal
spatula was used to collect the top layer of sand within each frame
up to a depth of approximately 5 cm, rendering a total sample
volume of 15 L of sand per bucket. Thus, the total sample volume
along a transect was contained in three 15 L buckets.

The collected sand was sieved through 5 mm and 1 mm sieves,
placed one above the other to separate mesoplastics (>5 mm) and
microplastics (1-5 mm). Filtered seawater was poured over the
sieves to facilitate the process. The material collected on the sieves
was flushed with a wash bottle into labeled glass jars, which were
subsequently covered with foil and a metal lid. During sampling
from one of the frames, an open jar was left nearby to serve as a
blank sample (to collect possible contamination from the air and
participants’ clothes, etc.).
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FIGURE 2

Sampling kit for the collection of micro- and mesoplastic samples from beach sand: 1 - nylon net (mesh size 90 pm) for seawater filtration; 2 -
100 m measuring tape for transect location; 3 - metal frame (0.5 m x 0.5 m); 4 - washed, rinsed, and labeled glass jars covered with aluminum
folium and a metal lid for collected samples and blank samples; 5 - labeled plastic container for granulometry sample; 6 - metal spatulas for sand
and granulometry sample collection; 7 - metal buckets for collecting sand, transporting seawater, and storing filtered seawater; 8 - stainless steel
sieve (200 mm x 50 mm, ISO 3310-1, mesh size 5 mm); 9 - stainless steel sieve (200 mm x 50 mm, ISO 3310-1, mesh size 1 mm); 10 - metal
measuring cup for pouring water; 11 - wash bottle for rinsing sample remnants off the sieve and into a jar.

Depending on substrate geology, sand grains varied in size.
When the sand was too coarse to be sieved on site, it was delivered
to the LIAE in a covered bucket for density separation.

2.5 Samples purification and analysis

In the laboratory, samples collected on 5 mm sieve were flushed
with filtered distilled water and, hence, were ready for analysis,
while material collected on a 1 mm sieve required a more laborious
purification procedure. Samples were transferred from the glass jar
to glass beakers. If a sample still contained sand or was delivered as
a bucket with coarse sand, it was subjected to density separation.
Sand in the bucket was first well mixed, and a subsample of two
liters was taken for density separation. Since two liters is a rather
large sample volume, it was divided into smaller portions and
underwent density separation one by one. Sodium chloride
(NaCl) solution was used to remove the sand particles present in
the sample. The salt solution was prepared in a two-liter beaker by
adding 300 grams of table salt to one liter of tap water and heated/
stirred at 50°C until a solution with a density of 1.2-1.3 g/cm® was
obtained. Next, the salt solution was filtered through a glass fiber
(GF) filter (pore size 1.2 um). Density separation was conducted
three times in the glass beaker for each sample. The liquid fraction
was passed through a 100 um sieve. After the density separation,
samples were flushed with filtered distilled water back into the
beaker. Further processing of the samples was aimed at destroying
the organic matter.

Hydrogen peroxide (H,0,, 30%) at a proportion of 1:0.5 was
added, and the sample was then placed in a Julabo SW22 shaking
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water bath at 100 rpm and a temperature of 50°C for 48h. The
sample was then filtered through a 100 pm sieve and transferred to
the previously used glass beaker by rinsing with filtered distilled
water. Filtering and rinsing occurred between each treatment step.
If the removal of organic material was not yet sufficient, 10%
sodium hydroxide (NaOH) was added at a ratio of 1:3, and the
sample was again placed in the shaking bath at 100 rpm and 50°C
for 48 h.

On very rare occasions, for some of the samples extremely rich
with organic matter, the next processing step after the use of NaOH
was an enzymatic and Fenton reaction. Enzymatic treatment was
applied by adding 300 mL of acetate bufter (pH 4.8), 0.5 mL of
cellulase enzyme blend (activity >1000 U/mL, Sigma Aldrich), and
0.5 mL of Viscozyme L. cellulolytic enzyme mixture (activity >100
FBGU/g, Sigma Aldrich) to the sample. Samples were placed in the
shaking bath at 100 rpm and a temperature of 50°C for 48 h. The
Fenton reaction was used as the final treatment step. Samples were
fixed at 200 mL with filtered distilled water, cooled to 15-20°C, and
supplemented with 145 mL of 50% H,O, and 65 mL of 0,1 M
NaOH. Then, 62 mL of 0,1 M FeSO, was slowly added dropwise. To
avoid heating of the solution and to keep it at an optimal
temperature range (20-30°C), the beakers were placed in an ice
bath. The Fenton reaction was allowed to proceed for 24 h. After the
respective purification steps described above, the samples were
filtered through a glass fiber filter (@47 mm, pore size 1.2 um)
using a vacuum filtration machine. Blank samples were processed
following the longest purification procedure.

Visual analysis of the samples was performed using a Leica
DM400 B LED microscope with a lens magnification of 2.5. The
microscope was equipped with a DFC 295 camera, utilizing the
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Leica Application Suite V4.1. The color, size, and shape (fiber,
fragment, and film; see examples in Supplementary Material, Figure
S1) were determined for each particle.

Particles of suitable size for chemical composition analysis were
manually picked with tweezers and placed on a Thermo Fisher
Scientific Nicolet iS20 diamond-backed spectrometer. The Fourier
transform infrared-attenuated total reflection (ATR-FTIR)
spectroscopy method was used, in which a spectrum was taken
for each particle, which was automatically compared with those in
the reference spectrum library database (supported by Thermo
Fisher Scientific OMNIC 9 software). Each particle was scanned
at 32 times per second, a spectral resolution of 4 cm’), and a data
spread of 0.482 cm™. The results are presented as absorbance
values. The wavelength range was from 400 cm™ to 4000 cm™.
The results were considered reliable if the particle spectrum match
with a database entry was >70%. For particles that were too fine (i.e.,
fibers) to be handled with tweezers, a hot needle test was performed
to establish their origin as natural or synthetic.

2.6 Beach sand grain-size analysis

Grain-size analysis was conducted by the sieving method (sieve
assembly - Priifsieb Tesa Sieve) using Retsch GmbH AS 200 sieves.
Before sieving, the samples were dried in 200 mL drying cups. Eight
sieves with mesh sizes between 0.063 mm and 2 mm were used. In
cases when pebbles were visible in a sample, a sieve with a 4 mm
aperture was added. Each sample was sieved for 10 min, and the
content of each sieve was weighed. The results produced a
percentage breakdown that was used to calculate the percentages
of the grain-size groups using R package G2Sd (Fournier et al,
2014). Finally, six groups of grain-size classes were established -
gravel (2-8mm), very coarse sand (1-2mm), coarse sand (500um-
Imm), medium sand (250-500um), fine sand (125-250um), and
very fine sand (63-125um), according to the classification by
Wentworth (1922).

2.7 Quality assurance

The following measures were taken to prevent sample
contamination. Prior to sample collection, citizen scientists were
informed of the importance of selecting appropriate clothing (i.e.,
those manufactured from natural fabrics or solid waterproof jackets
were preferred over fleece jackets). Participants wearing nail polish
were requested not to collect or sieve sand with their naked hands.

During the sampling and processing, only metal and glassware
(apart from measuring tape and wash bottle) were used to prevent
plastics from entering samples from the materials used. For each
sampling transect, a blank sample was collected. In the laboratory,
gloves and cotton coats were always used. Sample processing was
performed in a fume hood, and sample beakers were always covered
with aluminum foil to avoid contamination while samples were not
being processed or placed in the shaking heating bath. The same
beaker was used for each sample during treatment, and it was
thoroughly rinsed to minimize particle loss. Recovery tests (three
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replicates) for plastic pellets made of polystyrene (PS) of 2.1 mm in
diameter size (source — diamond painting beads widely available
from different producers) were made following the longest
purification procedure and revealed 99% recovery.

2.8 Statistical and data analysis

The number of variables to be included in the principal
component analysis (PCA) and hierarchical cluster analysis
(HCA) was chosen iteratively to consider the amount of non-
detects and to avoid collinearity between variables and
deterioration of the results due to small variations within the
variables. The retained seven variables were: particles/kg dry sand
(i.e., concentration), non-fiber particles\kg dry sand (further as
nonFiber_concentration), fiber particles/kg dry sand
(Fiber_concentration), mean particle length (mean_length), the
mean of the sand grain-size distribution (mean_aritm), the
percentage of sediment of the grain-size distribution that was
retained in the Fine Sand class (between 125 and 250
micrometers) (f_sand), and the ratio of the 90th percentile and
the 10th percentile of the grain-size distribution (D90/D10). To
allow differentiation between micro- and mesoplastic pollution,
datasets for particle sizes of 1-5 mm and >5 mm were analyzed
separately. The variables were tested for normality and log-
transformed if necessary. Standardization (z scores) was applied
to both log-transformed and non-transformed data so that each
variable was weighted equally. Varimax rotation was used in the
PCA, whereas a combination of squared Euclidean distance (as a
similarity measure) and Ward’s method for linkage distance was
used in the HCA.

The GoR sites were divided into three groups according to their
location, i.e., the western, eastern, and southern part of the GoR:
western (10. Kolka, 11. Purciems, 12. Roja, 13. Mersrags, 14.
Abragciems, 15. Engure, 16. Lapmezciems); eastern (20. Lilaste,
21. Saulkrasti, 22. Laucu akmens, 23. Tuja, 24. Salacgriva); and
southern (17. Majori, 18. Daugavgriva, 19. Vecaki).

Coastal area suitability for recreation was one of the variables
considered versus found plastic concentration. Three assessment
classes were used according to Ruskule et al. (2018): 1. - low/very
low suitability for recreational use, usually for seasonal use only; 2. -
moderate suitability, extensively used for traditional activities; 3. -
high/very high value of suitability for recreation. Each sampling site
was assigned a class number.

Multivariate statistical analysis was carried out by statistical
software SPSS version 22, but the rest of the statistical tests were
carried out in R version 4.3.0., ArcMap10, and MS Excel, and R
using ggplot2 package was used for figure visualizations.

3 Results
3.1 Environmental data

The average significant wave height measurements retrieved
from the SmartBuoys ranged from 0.4 to 1 m in the open Baltic Sea
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(Pavilosta) and from 0.2 to 0.5 m in the GoR (Skulte). The
maximum significant wave height reached 3.5 m in the open
Baltic Sea in July 2021 and 2 m in the GoR in September 2021.
These maximum wave heights occurred only for a short period of
time in the 99th and 95th percentiles of all the data for both areas
(Figure 3A). The median significant wave height was up to six times
lower than the maximum significant wave height at Pavilosta and
ten times lower at Skulte. The wave power was much higher in the
open Baltic Sea, reaching a maximum of close to 60 kW/m, contrary
to the 13 kW/m measured in the GoR; however, these peaks were
very short lived. The average wave energy in the open Baltic Sea
ranged between 0.7 and 4.0 kW/m and 0.3 and 1.0 kW/m in the
GoR (Figure 3B).

The speed and direction of currents during the whole period
(May-September 2021) on the eastern coast of the GoR revealed a
rather clear dominance of S-SW (180-225°) currents, with currents
>10 cm/s predominantly lying in this direction sector (Figure 4A).
The second most pronounced direction sector was S-SE, while other
directions were less pronounced. The average current speed during
the whole period was 10.2 cm/s. On a monthly scale, May and June
were characterized predominantly by S-SW currents, and currents
with speed >10 cm/s were typically aimed at this sector of direction
in both months. The average current speed in May (10.4 cm/s)
exceeded that observed in June (7.5 cm/s) by almost 3.0 cm/s. In
July, August, and September, the average current speeds were 8.0,
9.9, and 15.1 cm/s, respectively. July was characterized as the most
diverse month in terms of the direction of currents. Currents with
speeds <20 cm/s were rather equally distributed in the following
directions: N-NE, E-NE, E-SE, S-SE, and S-SW. However, almost all

10.3389/fmars.2023.1251068

currents with speeds >20 cm/s were still associated with S-SE and S-
SW directions. In August, S-SE and S-SW currents prevailed,
whereas in September, the main direction of the currents was
roughly equally distributed between the N-NE and S-SW sectors.

The speed and direction of currents during the whole period
(May-September 2021) on the eastern coast of the open Baltic Sea
revealed a clear dominance of N currents, with currents >10 cm/s
mostly lying in the N-NE (0-45°) and N-NW (315-360°) direction
sector (Figure 4B). Only a minor proportion of currents with speeds
>10 cm/s moved in other directions. The average current speed was
8.0 cm/s.

On a monthly scale, May and June were dominated by N-NE
currents, with average speeds of 8.1 and 7.0 cm/s, respectively. In
July, August, and September, the currents were more evenly
distributed between the N-NE and N-NW sectors, with average
current speeds of 11.0, 5.5, and 8.4 cm/s for these directions,
respectively. In general, current directions in the open Baltic Sea
were less diverse than those observed in the GoR from May to
September 2021.

3.2 Granulometric composition of sand

The granulometric composition of sand is presented in Figure 5.
Both in the open-sea part and the GoR, most of surveyed beaches
were composed of fine and medium-sized sand. Gravel, coarse, and/
or very coarse sand were dominant at only a few sites, namely, 1.
Pape, 4. Liepajas Karosta, 14. Abragciems, 21. Saulkrasti, and
24. Salacgriva.
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3.3 Characterization of found plastics

Mesoplastics were found in 22 beaches (of the 24 in total
investigated), with concentrations varying from 0.01 particles/kg
dry sand (p/kg) in sampling sites 3. Liepaja, 7. Jurkalne, 11.
Purciems, 21. Saulkrasti, and 24. Salacgriva to 0.69 p/kg (19.
Vecaki) and 0.50 p/kg (8. Ventspils) (see Supplementary
Materials, Figure S2, Table S5). The average particle
concentration in the open Baltic sea beach sand was 0.16 p/kg,
while in the GoR beach sand it was 0.10 p/kg.

Microplastics were found in all beaches, with concentrations
varying from 0.31 p/kg (4. Liepaja) to 11.17 p/kg and 8.70 p/kg (5.
Akmenrags and 6. Pavilosta, respectively) (see Supplementary
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Materials, Figure S2, Table S4). The average particle
concentration in the open Baltic sea beach sand was 3.93 p/kg,
and in the GoR beach sand, it was 2.44 p/kg (Figure 6).

Considering all size groups with 1 mm difference (according to the
major dimension), the smallest particles (1-2 mm) were most abundant
compared to the largest particles (>5 mm), while the rest of the size
groups were distributed in between in descending order (Figure 6).

Fibers constituted more than 60% of all mesoplastic particles
(major dimension ranging from 5.03 mm to 120.12 mm), and
around 31% were fragments. Film particles were less common
(approximately 5%). In some beaches, i.e., 5. Akmenrags, 8.
Ventspils, and 17. Majori, fragments were the dominant type
of particles.
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Granulometric composition of sand samples collected along the shores of the open Baltic Sea and the Gulf of Riga (with sampling sites as

per Figure 1).
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In the microplastics fraction (1-5mm), almost 70% of particles
were fibers, around 30% were fragments (dominating in 5.
Akmenrags, 8. Ventspils, and 14. Abragciems), and less than 1%
belonged to films (Figure 7).

The most dominant particle colors both for meso- and
microplastic fractions were black (28% and 29%), white (27% and
15%), blue (11% and 25%), and transparent (10% and 9%). Other
colors recorded, which did not exceed 9%, were red, pink, purple,
green, grey, orange, yellow, brown, and multicolored.

A total of 212 particles were detected in the mesoplastics
fraction, of which the polymer type was determined for 76
particles (35.8% of the total number of particles). Of those,
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polyethylene (PE) constituted 57.9%, polypropylene (PP) 26.3%,
and polystyrene (PS) 1.3%; other types of plastic (13.2%), e.g.,
polyester (PES), acrylic, and polyurethane (PUR), were also found.
Moreover, 1.3% consisted of particles that were not identified as
plastic, i.e., chitin, cotton, or linen.

A total of 3454 particles were detected in the microplastics
fraction, of which the polymer type was determined for 988
particles (28.6%): PE - 70.3%, PP - 21.5%, and PS - 3.8% were the
most common types of polymers. Meanwhile, 1.6% consisted of other
types of polymers, e.g., PES, acrylic, ethylene-vinyl acetate (EVA),
polyethylene terephthalate (PET), and polylactide acid (PLA). Slightly
more than 2% were identified as non-plastic particles.
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3.4 Statistical analyses

ANOVA indicated no significant differences in particle
concentrations between the open Baltic Sea and the GoR
sampling sites or between the eastern, western, and southern GoR
regions (particles 1-5mm p=0.184; particles >5mm p=0.706).
However, when only the GoR western (sampling sites 10. Kolka,
11. Purciems, 12. Roja, 13. Mersrags, 14. Abragciems, 15. Engure,
and 16. Lapmezciems) and eastern (20. Lilaste, 21. Saulkrasti, 22.
Laucu akmens, 23. Tuja, and 24. Salacgriva) parts were compared,
the t-test indicated significant differences among particle
concentrations for particle size 1-5mm (p=0.027) (Figure 8).

There was no significant relationship between the coastal area
suitability for recreation and particle concentrations (Figure 9);
nevertheless, the boxplots and p-values of the t-test implied that the
relationship is clearer among non-fiber particles (Figure 9B) than
among fiber particles (Figure 9A).

Multivariate statistics (PCA and HCA analyses) were used to
identify if there was a connection between the particle descriptives
and sediment granulometry variables. Two principal components
(PCs) for both datasets (1-5 mm and >5 mm particle size) were
retained, with eigenvalues larger than 1 (Kaiser, 1958) and
explaining around 70% of the total variance in both datasets (see
Supplementary Material, Table S2). Two clusters from the HCA
were delineated in both datasets (see Supplementary Material, Table
S3 for more details). The combined results of the multivariate
analyses are shown in Figure 10.

In the microplastic dataset, PC1 showed (Figure 10A) an
increase in the mean values of the sand grain size (mean_aritm)
along with the particles/kg dry sand (concentration) and fiber
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particles per kg (Fiber_concentration) increase, indicating that a
higher concentration of particles and especially fiber particles was
found in coarser sand. Pearson correlation coefficients supported
the results, i.e., the concentration of all the particles
(“concentration” variable), and fiber particles showed a positive
correlation with the mean sand grain size (mean_aritm)
(Supplementary Material, Figure S3). While PC2 indicated that
non-fiber particle concentration is not dependent on sediment
granulometry. Moreover, insignificant Pearson correlation
coefficients between non-fiber particles and any sand grain size
parameters were observed.

In the mesoplastic dataset, PC1 and PC2 did not reflect
(Figure 10B) any granulometry impacts on the particle variables
(concentration, nonFiber_concentration, and Fiber_concentration).
Similar to the PCA results, the concentration of particles of size
>5 mm did not show significant correlations with the sand grain-
size parameters (Supplementary Material, Figure 54).

As can be observed from Figure 10A, samples from the
microplastic dataset (particle size 1-5 mm) grouped into Cluster 1
mostly represented the GoR, with emphasis on the western and,
partly, the southern parts. Some samples showed slightly positive
PC2 loadings, while none had positive PC1 scores. The majority of
Cluster 2 samples were located in the open Baltic Sea and eastern
part of the GoR. Most of these samples had high positive PC1
loadings, indicating a relationship between sand granulometry and
fiber particles — a higher total particle concentration and higher
fiber particle concentration were observed together with larger
average sand grain sizes. Some samples from Cluster 2 also had
positive PC2 loadings, indicating that the samples also contained
non-fiber particles. There was no clear division between the
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locations of the sampling sites based on the variables used in the
HCA for the mesoplastic dataset (particle size >5 mm) (Figure 10B).

Figure 11 illustrates the two clusters with a statistically
significant different concentration of 1-5 mm p/kg (p<0.001 for
all particles; p=0.3 for non-fiber particles; p=0.005 for fiber
particles). No statistically significant differences were observed in
particle concentrations when comparing sampling sites between the
open Baltic Sea and the GoR (p = 0.26 for 1-5 mm and p = 0.37 for
>5 mm particles).

PC1 (Explained variance 52%)
=)

-2

4 Discussion

We found considerable differences of micro- and meso- plastics
abundance and particles’ shape between the sampling sites from the
open Baltic Sea and the western, southern, and eastern parts of the
semi-closed GoR. On average, fewer particles were present in both
the micro- and mesoplastic samples of the GoR compared to those
of the open Baltic Sea sites. The GoR samples were associated with
finer sand particles; along the open Baltic Sea coastline, there were
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Multivariate statistical analyses for (A) microplastic dataset with particle size 1-5 mm and (B) mesoplastic dataset with particle size >5 mm. Samples
are grouped by color according to the representative clusters identified via hierarchical cluster analysis and by shapes according to the sampling site
location in either the open Baltic Sea or the Gulf of Riga (GoR). Coordinates of variables along the principal components 1 and 2 show granulometry
variables and particles descriptives: D90/D10 - the ratio of the 90th percentile and the 10th percentile of the grain-size distribution; f_sand -
percentage of the grain-size Fine Sand class (125 - 250 uym); mean_length - mean particle length; concentration - particles/kg dry sand; non-fiber
particles\kg (i.e., fragments and foils, further as nonFiber_concentration), fiber particles/kg dry sand (Fiber_concentration); mean_aritm - the mean
of the grain-size distribution. Two sites (4-Liepaja Karosta and 13-Mersrags) were not included in the multivariate analysis of the meso-dataset (B) as

no particles were found there.
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higher concentrations of plastic particles in coarser sand, and this
was particularly relevant for fiber-shaped particles. Fibers
comprised the dominant form in both the micro- and
mesoplastic datasets.

Piperagkas and Papageorgiou (2021) reported that lightweight
microplastics, mostly composed of microfibers and membranes in
their study, could move further than hard microplastics and varied
less during the seasonal sampling. Liebezeit and Dubaish (2012)
suggested that fibers might exhibit a different settling behavior to
granular microplastics. Experimental observations show that
cylindrical microplastic particles (including fibers) tend to settle
with their long axis predominantly horizontal (Goral et al., 2023).
Nevertheless, if we look closer (data statistical analysis), there are
factors also distinguishing between different parts of the GoR;
hence, it turns out the eastern part of the GoR is more similar to
the open Baltic Sea (higher total particles/fibers concentration
associated with coarser sand). The western and southern GoR
sampling sites were grouped into a second cluster that was
characterized by more fine sand and lower total particle/fiber
concentrations. These two clusters were valid only for
microplastics (1-5 mm). Data were not sufficient to form
conclusions about polymer-type distribution within different
fractions and sampling sites.

4.1 Hydrodynamic and environmental
factors contributing to microplastic
pollution distribution

Wave energy is lower in the Baltic Sea than in other areas of
Europe. The average wave energy in the Baltic Sea is around 2.4 to
52 kW/m (Waters et al., 2009; Kovaleva et al., 2017), while it is
around 12-17 and 24-48 kW/m in the North Sea and Atlantic
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Ocean, respectively (Sorensen and Chozas, 2010). Our calculations
using real-time significant wave height data obtained from a
SmartBuoy near Pavilosta showed an average wave energy of 2.28
kW/m during May-September 2021. In the GoR, due to its
sheltered location and limited wind fetch, the wave power density
is generally below 1 kW/m, with the highest values occurring in
winter (Soomere, 2005; Kovaleva et al., 2017). SmartBuoy data in
the GoR near the Skulte harbor showed average wave power at 0.63
kW/m for the time period of May-September 2021. According to
existing studies, the beaches that are exposed to higher energy waves
in general have coarser sediments than beaches exposed to lower
energy waves, i.e., lower energy waves tend to create a more mixed
grain-size distribution (Dean and Dalrymple, 2001; Ashton and
Murray, 2006). Areas with higher wave energy have an increased
speed of water flow and, hence, increased ability to lift and move the
particles. Thus, larger sediments are deposited while the finer are
carried away. Areas with low wave energy are dominated in general
by fine-grained sediments. Simultaneously, the fraction of coarse-
grained sediments within the dominating fine sediments is also
expected to be rather quiescent as the energy is too low for them to
be stirred up and carried further. Nevertheless, fine materials in
low-energy environments can still be transported long distances
before the settlement (McLaren and Bowles, 1985; Dean and
Dalrymple, 2001; Webb et al.,, 2019).

SmartBuoy measurements from the open Baltic Sea (Pavilosta)
showed a clear dominance of northerly currents, which agrees with
an overview of the Baltic Sea physical oceanography (Omstedt et al.,
2014) in which it was concluded that a strong and stable cyclonic
gyre is evident in the Baltic proper. We therefore suggest that, in this
region, surface currents transport microplastics to the north along
the shoreline and as far as the entrance to the Irbe Strait. Here,
further flow might divert between entering the Irbe Strait and
proceeding further north, depending on the wind force and
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atmospheric conditions. Possible microplastic movement within or
via the Irbe Strait is difficult to predict as this area is very dynamic,
and it strongly depends on water density and sea level differences
between the two basins (Baltic proper and GoR), as well as wind
force. Nevertheless, existing data show that outflow occurs in the
northern part, and inflow along the southern slope is associated
with a quasi-permanent S-shaped salinity front in the Irbe Strait
(Lilover et al., 1998).

The GoR area has much lower wave power than that of the open
Baltic Sea, and it is a low-energy area where the majority of the
sampling sites are dominated by fine and medium grain size, as can
be seen in Figure 5. In contrast, the Baltic Sea coastline adjacent to
high-energy wave action was dominated by gravel, coarse sand, and
very coarse sand. Wave energy is one of the key factors in the
microplastic fragmentation process, during which fragile plastic
pieces create a secondary source of microplastics in marine
environments (Costa et al., 2010; do Sul and Costa, 2014; Harris,
2020), i.e., plastic particles are becoming smaller and more
numerous as wave energy increases. Coarser sand also serves as a
filter trapping various types of microplastics in the beach, including
fibers (Chubarenko et al., 2018). Consequently, areas with higher
wave energy, i.e., dynamic water circulation and coarser sand, are
expected to be more contaminated and have a higher density of
microplastics due to fragmentation, filtration, and resuspension
processes (Chubarenko et al., 2018; Rey et al, 2021), which is
consistent with our results considering differences between the open
Baltic Sea part and GoR. However, Vermeiren et al. (2021)
emphasized that the relationship between sediment grain size and
microplastic deposition on sandy beaches is not well understood.
Contrary to our findings, previous studies have demonstrated that
higher microplastic concentrations can be found in finer coastal
sediments (Harris, 2020; Mendes et al., 2021; Wilson et al., 2021).
According to research by Harris (2020), the dispersal of
microplastic is comparable to the movement of natural sediments:
coarse-grained and dense particles are deposited close to their
sources, and less dense, smaller particles remain in suspension in
low-energy environments (Gob et al., 2010; Mendes et al., 2021).
Wilson et al. (2021) also noted that sheltered coastal areas with
lower wave energies and finer sediments have a higher abundance of
microplastics. Pinheiro et al. (2019) showed that beaches protected
by rocks contain significantly more microplastics than exposed
beaches. Compared to the studies mentioned above, the coastlines
of both the open Baltic Sea and GoR are rather regular, containing
no uneven features (bays, protruding cliffs, etc.). Hence, there are no
natural or artificial shelters present. However, the farthest eastern
point of the country (Sampling site 5. Akmenrags), which can be
considered as a sheltered, accumulating area, contained the highest
concentration of plastics found within our study (Figure 6).

Either the semi-enclosed GoR itself is the source of
microplastics or microplastics enter the gulf from coastal regions
or via rivers; the dynamics of the currents are one of the key factors
when talking about possible transport mechanisms of microplastics
within the gulf. As the GoR has estuary-type characteristics, the
common concept of the gulf is that outflow/inflow occurs through
the surface/bottom layers via the Irbe strait with cyclonic (anti-
clockwise) mean surface circulation within the gulf (Yurkovskis
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et al., 1993; Elken et al., 2003; Leppéranta and Myrberg, 2009).
Moreover, historical surveys have shown that cyclonic patterns can
change to anticyclonic (Berzinsh, 1980; Lips et al.,, 1995). These
cyclonic/anticyclonic gyres, together with the characteristics of river
plume dynamics, have been described in more detail in model
studies (Soosaar et al., 2014; Lips et al., 2016a; Lips et al., 2016b),
which demonstrated that the circulation pattern is largely
influenced by the prevailing winds across different seasons
and years.

In situ current measurements in the GoR are scarce, and only a
few publications include such data. Our data, obtained from
SmartBuoy measurements during May-September 2001, are
nevertheless in accordance with the model findings by Lips et al.
(2016a) - in the eastern part of the gulf, the direction of surface
currents was S-SW, confirming the conclusion that in the warm
season (when stratification has been formed), the GoR is
characterized by the anticyclonic circulation pattern. Circulation
patterns and their changes determine the general dynamics and
characteristics of the entire gulf. For example, due to the
summertime anticyclonic circulation, freshwater (together with
suspended matter) from the south can be transported along the
west coast, measured as a decreased salinity in surface waters (Lips
et al., 2016b). Excessive freshwater discharge in the southern and
southeastern parts via three large rivers—the Daugava, Lielupe, and
Gauja—is another feature of the GoR. Further transport of
microplastics within the gulf is largely affected by freshwater flow
characteristics in combination with the morphology of the gulf
itself. Most freshwater in the southeast propagates to the north
along the east coast of the GoR, forming a buoyant coastal plume
(e.g., Elken et al,, 2003). We suggest that this is one of the main
reasons why we observed noticeably higher microplastic
concentrations in south-east beaches 19. Vecaki, 20. Lilaste, and
21. Saulkrasti (Figure 6) in comparison to most of the sampling sites
in the GoR (Supplementary Material, Figure S2). Many authors
have previously emphasized the importance of freshwater rivers as a
source of microplastic pollution (Claessens et al., 2011; Vianello
et al,, 2013; Frishfelds et al., 2022). The Latvian coastline, especially
the GoR, receives freshwater from many rivers, some of them also of
transboundary origin.

In addition, local processes such as upwellings can potentially
shift microplastic particles away from coastal regions or invoke
microplastics into the water column from sediments. However, thus
far, few studies have focused on this phenomenon (Diez-Minguito
et al., 2020; Mishra et al., 2022; Chen et al., 2023).

4.2 Links between microplastic
concentration and coastal suitability
for recreation

The identification of links between microplastic pollution and
human activities is a complex task, and previous studies have often
presented ambiguous conclusions. Human population density has
been among the key drivers for microplastic contamination
(Corcoran et al., 2020; Vermeiren et al., 2021). Van
Cauwenberghe et al’s (2015) review article highlighted that
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microplastics are more often abundant in densely populated areas,
while high anthropogenic inputs of microplastics were observed
through rivers, coastal tourism, and harbor activities by
Vetrimurugan et al. (2020). However, Claessens et al. (2011)
could not establish a clear link between local human activities
and microplastic concentrations; however, elevated concentrations
appeared to be linked to harbor sediments. Similarly, our study
showed no clear relationship between the suitability of coastal areas
for recreational and tourism activities and particle concentrations.

According to official Latvian statistics from 2020 regarding
population density by place of residence (people/km?) (Central
Statistical Bureau of Latvia, 2022), the areas where we observed
higher micro- and mesoplastic concentrations—i.e., along the open
Baltic Sea coastline—are considerably less populated (mostly 3-10
people/km?) than the GoR region, where the capital city of Riga is
located (more than 50% of the country’s inhabitants live in Riga and
its vicinity). The same can be concluded about coastal suitability for
recreation — the open Baltic Sea coastline has lower suitability for
tourism and leisure compared to the GoR (Ruskule et al., 2018).
Considering the data of Latvian beach visitors per year, the same
coherence can be observed - all the most visited beaches are located
in the GoR area, which is also generally more visited than the
beaches located in the open Baltic Sea area (Klepers et al., 2020).
Hence, we would like to emphasize that the population density and
tourism intensity in our study area are negligible compared to other
research areas, where a correlation between microplastic
concentration and tourism activities was observed.

4.3 The citizen science contribution in
raising social awareness about
microplastic pollution

Microplastic pollution is a crucial environmental issue that
requires targeted and effective communication to raise awareness
and consequently promote action toward mitigating the pollution.
The approach used in this study - the involvement of citizens in
sample collection - rendered the otherwise unseen pollution visible
to members of the public and built their understanding of the extent
of microplastic pollution; when tackling the issue of plastic
pollution, citizen science greatly facilitates the formation of
evidence-based policies (Nelms et al., 2022). In our study,
approximately 250 participants of different ages took part,
representing different sectors — society at large, NGOs, education
institutions, municipalities, and mass media. Since it was the first
ever instance of micro- and mesoplastic pollution mapping along
the whole coastline of the country, it received considerable
reflection via local and national media websites, local press, radio,
and television. The LIAE team representatives were also invited to
take part in discussions and present their findings on different
happenings to society at large. Hence, the citizen science approach
used in this study has contributed to public education and
environmental awareness. This is likely to influence policymaking
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decisions at both the local and national levels in terms of initiating
new research, implementing improved monitoring strategies, and
promoting sustainable pollution mitigation policies. Nevertheless, it
is important to follow some basic rules when employing citizen
science advantages — instructions given need to be short, clear, and
simple and must be repeated on every occasion of data collecting,
and feedback is important.

5 Conclusions

Microplastic pollution in beach sand was found in all 24 sampling
sites along the Latvian coastline, while mesoplastic pollution occurred
in 22 sites. For both the micro- and mesoplastic datasets, fibers were
the most common. Microplastic particle shape and abundance
differed between the open Baltic Sea and the GoR; a distinction
could also be made between the eastern part and the rest of the GoR,
most likely owing to the impact of hydrodynamics (waves and
currents). Sand granulometry was associated with microparticle
concentrations. However, the influence of tourism/leisure intensity
on the distribution of microplastic pollution did not show a clear
pattern. We propose several factors to be analyzed in microplastic
pollution studies to support the result interpretation, namely, the
sampling season impact, wave energy, wind, current patterns, sand
granulometry, and pollution sources. More studies are encouraged
that address these factors as microplastic pollution can vary locally
and temporarily. As more data are collected, it can be valuable to use
model simulations to determine the possible transport of
microplastics (e.g., inserting microplastics as tracer particles in the
model, looking for possible transport dynamics, and comparing with
the available in situ data/samples obtained). Since microplastic
pollution in the beach environment is expected to be set as one of
the micro-litter baselines in Europe, with threshold values to be
established, a unified methodology regarding sampling, samples
preparation, analysis, and data interpretation is highly recommended.
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