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Estuaries are the main pathway for the microplastics (MPs) to enter into the oceans. However, factors that drive
river-sea transport of MPs are not yet fully understood. Therefore, our research investigated the influence of the
tidal cycle on the abundance and characteristics of MPs in an urban estuary, through high-frequency sampling
(every 2-3 h) using a plankton net (120 pm mesh size) in two seasons (rainy and dry seasons). The results showed
that the abundance of MPs decreased during the ebb tide and increased during the flood tide. A positive cor-

relation was found between MP abundance and water height in both seasons. The shapes and colors of MPs
varied significantly throughout the tidal cycle. The results show that tides are key agents in the transfer of MPs
and cannot be neglected in models of the global contribution of plastic pollution from rivers to oceans.

Microplastics (MPs) are emerging pollutants that have been the
subject of recent studies due to their ubiquity, ability to transport other
persistent pollutants, and the negative effects they can have on
ecosystem functioning, such as obstruction of the gastrointestinal tract
of small organisms and biomagnification (Elizalde-Velazquez and
Gomez-Olivan, 2021). Estuaries are important pathways of MPs trans-
port into the marine environment, but have complex dynamics of flow
exchanges between the river and the sea, mainly driven by tidal cycles
and seasonal variations in river discharge (Malli et al., 2022). Most
studies investigating the occurrence of MPs in estuaries conducted
spatial sampling without considering tidal conditions (Hossain et al.,
2023; Rajan et al., 2023). However, it is known that MP concentrations
can vary by a factor of 1000 within a tidal cycle (Cohen et al., 2019).
Therefore, high-frequency temporal sampling is strongly recommended
for estuaries under the influence of tides (Defontaine and Jalon-Rojas,
2023).

* Corresponding author.

Only recently the influence of the tidal cycle on the transport of
fluvial MPs has been addressed with studies focusing on Asian (China,
Thailand, and Indonesia) and European (England and France) large es-
tuaries (Chinfak et al., 2021; Diansyah et al., 2024; Pasquier et al., 2024;
Stead et al., 2020; Wei et al., 2023). To date, there have been no studies
in South American short estuaries assessing the abundance and
composition of MPs in the water over a tidal cycle.

Low-inflow estuaries are common worldwide, but their study is
usually neglected (Largier, 2023). These shallow ecosystems are
extremely sensitive to anthropogenic stresses and climate change
(Soares et al., 2021). Due to the long estuarine residence time, caused by
the low river runoff, these short estuaries tend to retain contaminants
during the dry season (Moura and Lacerda, 2022). On the other hand,
during the rainy season, the increase in river runoff leads to the
discharge of contaminants into the sea, including MPs (Lima et al.,
2015). However, estuarine dynamics are complex, and the factors that
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drive river-sea transport of MPs are not yet fully understood. Therefore,
the objectives of this baseline assessment were (1) to assess the effects of
tidal cycles on the abundance and morphological characteristics of MPs
in two seasons (rainy and dry seasons), and (2) to determine the polymer
composition of MPs in an urban low-inflow estuary.

The Cocé River is an urban river with extensive mangrove forest
areas that flows through the Brazilian capital with the highest popula-
tion density in the country and is exposed to multiple anthropogenic
pressures (Ward et al., 2023), which are even more severe upstream. The
Coc6 River is located in the semi-arid region of Ceara state. It is a
shallow hydrographic basin of about 50 km in length and 485 km? in
total area (SEMACE, 2010). The catchment area covers a large part of
the city of Fortaleza, the fourth most populous city in the country with
over 2.4 million inhabitants. The average accumulated rainfall in the
rainy season (February to May) is 1137.9 mm, while in the dry season
(August to November), it is only 52.9 mm (INMET, 2020).

The flow rate of the river was estimated at 6 m>/s during the rainy
season and 3 m%/s during the dry season (Molisani et al., 2006). The
estuary is shallow with an average depth of 2 m and is dominated by
semi-diurnal mesotides with average amplitudes ranging from 1 m
during neap tides to 3 m during spring tides (Pereira et al., 2015). All
estuaries on the Ceara coast are saline or hypersaline during the dry
season and may have residual transport landward at this time. However,
the Coco estuary receives freshwater influx throughout the year due to
illegal sewage dump and also due to the flow of freshwater from
wastewater treatment plants into the estuary (Freitas et al., 2016).

Sampling was carried out in the middle of the river channel at the
deepest point (7 m) close to the estuary entrance (3°4653.6"S
38°26'13.9"W) (Fig. 1). The water sampling was conducted every 2-3 h,
three during ebb tide and three during flood tide, resulting in a total of
six samples per tidal cycle. Sampling took place during the rainy season
(May 30, 2022) and the dry season (October 25, 2022) at spring tides.
Surface water samples were collected from the top 15 cm of the water
column using a plankton net (120 pm; 0.3 m @; 1 m) positioned on the
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side of the boat and kept floating against the water flow for 1 min at an
average speed of 2 knots. A mechanical flow meter (Model, 2030R,
General Oceanic) was installed in the opening of the net to measure the
volume of filtered water. After the trawl, the outside of the net was
rinsed with river water that had been pre-filtered through a 63 pm
stainless steel sieve, and the cod end was rinsed with pre-filtered
distilled water. The samples were then transferred to glass bottles and
stored at —20 °C until further analysis in the laboratory.

To collect hydrodynamic data, an Acoustic Doppler Current Profiler
(ADCP) was anchored at the sampling site to record the water level over
a period of 13-h during the sampling days. In addition, depth, temper-
ature and salinity vertical profiles were measured at intervals of 10 to
30 min using a CastAway CTD probe.

The analysis procedures were based on the methodology described
by Gago et al. (2018). After thawing, the water samples were filtered
using stainless steel sieves with a mesh size of 5 mm and 63 pm to
remove large debris and concentrate the collected sample. The
concentrated samples on the sieve were then transferred to beakers and
rinsed with distilled water pre-filtered. A 10 % potassium hydroxide
solution at a ratio of 1:3 (v/v) was then added to the samples to promote
digestion of the organic matter in an oven at 40 °C for 72 h. Due to the
large amount of debris and particulate matter suspended in the samples,
the MPs were separated by density difference using a zinc chloride so-
lution with a density of 1.6 g/cm® added to the samples at a ratio of 1:3
(v/v) and left to rest for 24 h in separatory funnels. After this time, the
supernatant was filtered through a glass fiber filter with a mesh size of
0.7 pm (GF-1, 47 mm @, Macherey-Nagel) using a vacuum pump.
Finally, the filters were placed in glass Petri dishes and dried for 24 h at
room temperature (25 °C) in a desiccator for later observation.

The filters were carefully inspected using a Leica S8 APO stereomi-
croscope (maximum magnification of 80x) equipped with a high-
resolution Leica EC3 digital camera. The MP particles were measured
and photographed using the Leica Application Suite software (LAS EZ
Version 3.4.0/2016). The MPs were classified by shape into fibers,
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Fig. 1. High-frequency sampling site over tidal cycle in the Cocé River estuary (Fortaleza, Brazil).
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fragments, films, rubbers, foams, and microbeads, and by color into
blue, black (including gray), white, transparent, red (including pink and
orange), green, yellow, and others (including purple, brown, and
multicolored). The MPs were categorized into five size classes: 0.12-0.3
mm; 0.3-0.5 mm; 0.5-1 mm; 1-2 mm; and 1-5 mm (Gago et al., 2018).

The polymer composition of 30 MP particles was analyzed by Raman
spectroscopy and Fourier transform infrared spectroscopy (FTIR). The
polymer composition of particles smaller than 500 pm was analyzed by
Raman spectroscopy and that of particles larger than 500 pm by Fourier
transform infrared spectroscopy (FTIR) (Jayalakshmamma et al., 2023).
The Raman spectra were obtained using a Horiba LabRam HR spec-
trometer, equipped with a charge-coupled device (CCD) detector and a
600 grooves/mm diffraction grating. A 785 nm solid-state laser was used
for excitation. The spectra were identified by comparison with reference
spectra found in the literature (Jin et al., 2022; Prabakaran et al., 2002;
Ren et al., 2023). The FTIR spectra were obtained using an IRPrestige-21
FTIR spectrometer (SHIMADZU - Tokyo, Japan). The samples were
dispersed in potassium bromide (KBr) crystals and analyzed in a spectral
range from 4000 to 400 cm’, resolution 4 cm™ and 64 scans. The FTIR
spectra were compared with reference spectra found in the literature (De
Frond et al., 2021; Kroon et al., 2018; Xu et al., 2019).

To reduce the possibility of contamination by synthetic fibers, cotton
lab coats and nitrile gloves were used during sample processing in a
fume hood. All containers and instruments used were made of glass or
stainless steel. All solutions used were pre-filtered through glass fiber
filters (0.7 pm pore size), including distilled water. All surfaces were
cleaned with 70 % ethanol and the experimental apparatus were
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immersed in an acidic solution (1 % HNO3), rinsed three times with
filtered distilled water before use and covered with aluminum foil. To
check for air contamination, a glass fiber filter was left open in a Petri
dish next to the work area. In addition, a control blank was run for each
batch analysis and analyzed in the same way as the samples. The par-
ticles present in the blank controls were counted and classified accord-
ing to shape, color, and size class. The contamination found in the blank
controls was used to correct the amount of MPs found in the samples. For
this purpose, the particles from the blank controls with similar charac-
teristics to those in the samples were subtracted from the total amount
(Munno et al., 2023) (Table S1).

The statistical analysis and data visualization were performed using
Microsoft Office Excel, PRIMER v7 (Clarke and Gorley, 2015) and JASP
(Version 0.18.1). Pearson correlation was conducted to assess the as-
sociation between i) the abundance of MPs particles and water height,
and ii) the abundance of MPs particles and particle size classes. When-
ever a significant correlation was identified, linear regression analysis
was conducted to develop an equation predicting the relationship be-
tween the response and independent variables.

A permutational multivariate analysis of variance (PERMANOVA)
was performed to test for differences in total abundance of MPs, particle
characteristics by shape, color, and size classes between the seasons (i.e.,
rainy and dry season), and tidal stage (i.e., ebb and flood tide)
(Anderson, 2008). Statistical significance was tested using 9999 per-
mutations of the residuals with a reduced model (Freedman and Lane,
1983) and the Type III (partial) sums of squares (Anderson, 2008). The
PERMANOVA was performed on a Bray-Curtis similarity matrix,
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Fig. 2. (a, ¢) Abundance of microplastics in surface water through a tidal cycle and (b, d) scatter plots showing the corresponding regression lines and regression
equations between the dependent variable y (microplastic abundance) and the independent variable x (water height) in the Cocé River estuary (Fortaleza, Brazil).

Shaded area indicates 95 % confidence interval for the linear regression.
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calculated from the fourth root transformed abundance data.

A total of 5307 MPs were detected in the surface water samples. The
abundance of MPs during the tidal cycle ranged from 10.96 to 32.55
items/m? in the rainy season, and from 12.37 to 40.00 items/m° in the
dry season (Fig. 2a—c). Significant differences in the MP abundance were
detected between the tidal stages (PERMANOVA, Pseudo-F = 6.965, p =
0.037), whereas seasons and interactions tidal stage x season had no
significant differences. The mean abundance of MPs during flood tide
(28.27 + 9.08 items/m®) was almost 2 times higher than during ebb tide
(15.85 +5.34 items/m°). A positive correlation was found between MP
abundance and water height in both seasons (Rainy season: R? = 0.907,
p =0.013; Dry season: R%=0.927, p=0.008) (Fig. 2b—c). These findings
highlight the importance of considering tidal timing to ensure repre-
sentative sampling of MPs, with the resulting regression equations
(Fig. 2b—c) being a crucial tool for accurately estimating MP abundance
at different tidal times (Li et al., 2023).

The abundance of MPs showed a clear pattern in relation to the tides
in both seasons, gradually decreasing along the ebb tide and rapidly
increasing during flood tide. Similar results were found in the Dong
River, China, where the abundance of MPs ranged from 11.15 at low tide
to 95.26 items/m® at high tide, and was strongly related to the water
level and tidal flow direction (Li et al., 2023). Other studies have also
reported a higher abundance of MPs during flood tide compared to ebb
tide (Oo et al., 2021; Stead et al., 2020; Wei et al., 2023). In contrast,
recent studies have found opposite results for different estuaries, which
they generally attribute to the dilution of MP concentration due to the

Table 1
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inflow of seawater during the flood tide (Diansyah et al., 2024; Wu et al.,
2024; Chinfak et al., 2021; Tang-Siri et al., 2024). Therefore, it is
important to consider various local hydrological factors that may in-
fluence the variation of MP abundance during tidal fluctuations, such as
mixing, residence time, seasonal variation on river discharge, tidal
asymmetry, and the specific geometry of estuaries (Biltcliff-Ward et al.,
2022).

In the study area, the MPs transported by the low-inflow estuary
discharge during the ebb tide may be deposited in the bottom or
partially trapped in the mangrove forests, and not completely trans-
ported to the ocean (Liu et al., 2022). In addition, due to the shallow
depth and low riverine discharge during most of the year when there is
no rainwater input, sandbars usually form along the lower estuary at low
tide and the mouth of the estuary eventually becomes partially closed
due to the accumulation of sediments (Fig. S1a) (Largier, 2023), which
may serve as traps for the interception of MPs that are more susceptible
to deposition in low-energy environments (Harris, 2020).

The water level rise and rapid change in flow direction during faster
flood currents in the shallow estuary (Fig. S1b) may resuspend MPs into
the water column (Govender et al., 2020), which are then transported
upstream and carried back downstream during the ebb tide of the next
tidal cycle (Wu et al., 2022). This short and low-inflow estuary may have
a high capacity for MP accumulation due to the prolonged residence
time caused by absence of river discharge (Cardoso-Mohedano et al.,
2023), which occurs mainly during the dry season when saltier water is
prevalent (tidal average salinity = 34.7 + 3.5) (Fig. 2c¢).

Comparison of the abundance of microplastics in mesotidal estuaries worldwide. The ranges of the abundance in a tidal cycle and/or the mean abundance in different

tidal stages (ebb and flood tide) are shown.

Location Sample type Sampling method Abundance (items/m®) Reference
Device Mesh
size
Cocé River Estuary, Brazil Surface water Plankton net 120 pm Range: 10.96-32.55 (rainy) This study
Range: 12.37-40.00 (dry)
Mean: 15.85 + 5.34 (ebb
tide)
Mean: 28.27 + 9.08 (flood
tide)
Musi River Estuary, Indonesia Surface water Steel bucket (100 L) 25 pm Mean: 622.22 (ebb tide) (Diansyah et al., 2024)

Yangtze River, China Surface water Manta net

Yangtze River, China Water column

Subsurface Plankton net

water

Dong River, China

Jiulong River Estuary, China Surface water Stainless-steel bucket (105 L)

Subsurface Bulk (5 L)

water

Tapi-Phumduang River, Thailand

Chao Phraya River Estuary, Water column

Thailand L-10L)
Chao Phraya River Estuary, Surface water Manta net
Thailand
Chao Phraya River Estuary. Surface water Neuston net
Thailand

Submerged stainless-steel pumps (100 L)

Stainless-steel bucket and Van Dorn bottle (6 16 pm

Mean: 298.89 (flood tide)
330 pm Mean: 2.44 + 1.30 (ebb tide)
Mean: 1.48 + 2.07 (flood
tide)
Range: 15.6-121.1 (wet)
Range: 28.9-218.9 (dry)
Mean: 41.1 + 18.9 (ebb tide)
Mean: 72.8 + 42.1 (flood
tide)
64 pm Range: 11.15-95.26

Mean: 53.46 + 29.63
45 pm Range: 312.4-1106.1

Mean: 782.5 + 201.5
5 pm Range: 320-1680
Mean: 1370 + 220 (low tide)
Mean: 500 + 90 (high tide)
Range: 440-16,930
Mean: 4030 + 4230 (ebb
tide)
Mean: 6250 + 4470 (low
tide)
Mean: 3440 + 3340 (flood
tide)
Mean: 2060 + 1540 (high
tide)
335 pm Mean: 3.11 (ebb tide)
Mean: 5.16 (flood tide)
Range: 0.17-0.59 (spring (Sukhsangchan et al.,
tide) 2020)
Mean: 0.35 + 0.16 (spring
tide)

(Wu et al., 2024)

330 pm (Wei et al., 2023)

(Li et al., 2023)
(Wu et al., 2022)

(Chinfak et al., 2021)

(Tang-Siri et al., 2024)

(Oo et al., 2021)

330 pm
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The abundance of MPs in the low-inflow estuary was compared with
that of other mesotidal estuaries worldwide at different tidal stages
(Table 1). The mean abundance of MPs in the Cocé River estuary (22.06
+ 9.62 items/m®) was about half than in the Dong River estuary, China
(53.46 £ 29.63 items/m?) (Li et al., 2023). This could be related to
greater local contamination in the Dong estuary but also to the smaller
mesh size of the plankton net used (64 pm), which catches smaller MPs
(Zheng et al., 2021). In contrast, Wei et al. (2023) found a higher mean
abundance of MPs in the Yangtze River estuary, China (83.95 + 19.5
items/m®) by sampling with a submerged pump with a larger mesh size
than in the present study (330 pm), while studies using a trawl method
with the same mesh size reported much lower abundance of MPs (0.33 to
2.48 items/m?) (Wu et al., 2024). The use of distinct sampling methods
also resulted in considerable differences in MP abundance in the Chao
Phraya River estuary, Thailand.

The abundances of MPs in the study area were lower than in studies
using bulk sampling or stainless-steel bucket collections (Table 1). The
trawl method used in this study collects a larger volume of water
compared to the bulk sampling method, which could be a key factor in
the variation in MP abundance, as small-volume grab samples can
measure up to 10* items/L higher abundances than net samples, even
when sampled simultaneously (Watkins et al., 2021). This highlights the
influence of sampling methods on MP abundance, making comparisons
between estuaries difficult.

The predominant shapes were fibers (50 %), films (25 %), rubbers
(13 %), and fragments (11 %), while foams and microbeads together
accounted for 1 % of the total MPs found in surface water (Figs. S2, 3a).
MPs shape distribution exhibited significant variation throughout the
tidal cycle (Pseudo-F = 4.853, p = 0.004), with fibers, films, and rubbers
consistently dominating in both ebb and flood tides (Fig. 3b-c). How-
ever, their abundance was notably higher during flood tide, suggesting
that tidal influx may preferentially transport and accumulate these MPs.
The fibers are derived from the domestic and industrial laundering
process of textiles, and released into the aquatic environment mainly
through the discharge of Wastewater Treatment Plants (WWTP)
(Acharya et al., 2021). In Fortaleza, 37.2 % of the population is not
connected to the sewage system (SNIS, 2022). Therefore, untreated
wastewater discharged directly into the river and clandestine sewage
connections in the urban drainage network can be an important pathway
for the diffusion of MPs (Vasconcelos et al., 2021).

Fragments and films can originate, for example, from the
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degradation of plastic bottles, plastic bags and food packaging (Osman
et al., 2023). These MPs may have entered the aquatic environment
through the leaching of waste in landfills or even by littering in the river
or on streets (He et al., 2019). Exposure of these solid wastes to the
weather and intense solar radiation in the region causes the drying out of
plastics, which accelerates the wear and fragmentation process of MPs
(Sorasan et al., 2022). The rubber particles result from the wear and tear
of tyres on roads and enter aquatic environments mainly through
stormwater runoff and atmospheric deposition (Kole et al., 2017). The
high levels of rubber in the studied estuary may be associated with the
proximity of bridges, heavily trafficked roads, and boat landing sites
(Leads and Weinstein, 2019).

The MPs found were almost evenly distributed across all size classes
and were predominant in the size class of 0.5-1 mm (29 %), followed by
0.12-0.30 mm (23 %), 0.3-0.5 mm (20 %), 1-2 mm (20 %), and 2-5 mm
(8 %) (Fig. 4a). No significant differences in size classes of MPs were
detected throughout the tidal cycle (Pseudo-F = 1.926, p = 0.178)
(Fig. 4b—c). Particles smaller than 1 mm accounted for 72 % of the total
MPs found in the Cocé River estuary, similar to the findings of Praved
et al. (2024), who reported that particles <1 mm accounted for >72 % of
the MPs in the surface water of the Cochin estuary, India. Similar results
were found in Guanabara Bay, Brazil (Olivatto et al., 2019), the Chao
Phraya River, Thailand (Oo et al., 2021), and the estuaries of Shanghai,
China (Zhang et al., 2019).

The predominance of small-sized MPs is due to the rapid progressive
fragmentation of plastic debris in the environment (Banik et al., 2024).
The size of MPs influences their bioavailability to aquatic organisms, as
smaller particles are more likely to be ingested by lower trophic level
organisms such as phytoplankton and zooplankton (Wright et al., 2013).
Moreover, the smaller the size of the MPs, the greater their specific
surface area (surface area/volume), and consequently the greater their
potential to adsorb pollutants (Cunningham et al., 2022).

The predominant colors of MPs were transparent (32 %), white (22
%), black (21 %), and blue (15 %), while red (3 %), green (3 %), yellow
(3 %), and others (2 %) were the smallest fractions (Fig. 5a). The colors
of MPs varied significantly throughout the tidal cycle (Pseudo-F =
2.407, p = 0.037) (Fig. 5b—c). The high proportions of transparent and
white MPs were mainly due to the amount of fibers and films of these
colors (78 % and 71 %, respectively), whereas black MPs were mainly
represented by rubbers (61 %) (Fig. S3). In the Pearl River estuary,
China, transparent and white colors accounted for 73.8 % of the MPs
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the Coco River estuary (Fortaleza, Brazil). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

found in the water, and about one-third (33.1 %) of the transparent MPs
were films (Lam et al., 2020). Studies in the Yellow River estuary, China,
showed that the majority of fibers were transparent or white (Han et al.,
2020). The higher abundance of transparent MPs in the Coc6 River es-
tuary may be partly explained by color fading due to the exposure time
of the MPs to UV light and other atmospheric agents (Wong et al., 2020).

The predominant type of polymer was polyethylene (PE, 44 %),
followed by polystyrene (PS, 13 %), natural rubber (10 %), latex (10 %),
polyethylene-polypropylene copolymer (PE-PP, 7 %), polyethylene
terephthalate (PET, 5 %), polypropylene (PP, 3 %), polyvinyl chloride
(PVC, 3 %), and indigo blue dye (3 %) (Fig. 6). The occurrence of low-
density polymers, such as PE, PS, and PP, was expected as they float
on the water surface and are predominant in the coastal environment
(Hidalgo-Ruz et al., 2012). These are the polymers most produced by the
global plastics industry and are commonly used in the manufacture of
plastic bags, bottles, food packaging, and foams (Wang et al., 2019).

Natural rubber may derive from tire wear particles, which are composed
of a complex mixture of elastomers (Kole et al., 2017). Latex is
commonly used in coating materials, paints, adhesives, and sealants
(Tangsongcharoen and Paulis, 2024). The presence of high-density
polymers in surface water, such as PET and PVC, may indicate the
resuspension of MPs due to intense mixing of the water column (Diez-
Pérez et al., 2023). PVC is mainly used in the construction industry,
while PET may originate from the disposal of fishing gear such as ropes
and trawl nets (Devereux et al., 2023; Lin et al., 2020). Anthropogenic
fibers with indigo blue dye may originate from the laundering of syn-
thetic fabrics and are mainly released into the aquatic environment
through the discharge of wastewater into rivers (Giarratano et al.,
2022).

In conclusion, this baseline assessment investigated the influence of
the tidal cycle and seasonal variations on the dynamics of MPs in an
urban low-inflow estuary. The abundance of MPs in surface water
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Fig. 6. Types of polymers found in the surface water of the Cocé River estuary
(Fortaleza, Brazil). Polyethylene (PE), polyethylene-polypropylene copolymer
(PE-PP), polypropylene (PP), polystyrene (PS), polyethylene terephthalate
(PET), and polyvinyl chloride (PVC).

decreased during the ebb tide and increased during the flood tide in both
seasons (rainy and dry seasons), showing a positive correlation with
water level. The shapes and colors of MPs varied significantly
throughout the tidal cycle. The composition of MPs indicated that
possible anthropogenic sources include wastewater discharges, solid
waste disposal, coating materials, fishing activities, and tire wear
particles.

The baseline data presented in this study are essential for filling
knowledge gaps regarding the transport of MPs in estuaries and provide
important information on the level of MP pollution in a low-inflow es-
tuary where few studies exist. Our results and previous studies highlight
that the local estuarine hydrodynamics is crucial to establish an
adequate MP sampling since concentrations vary during a tidal cycle.
Due to the lack of more intensive sampling, the results do not yet allow
us to identify patterns for the estuary as a whole. To better understand
the effects of tides on the transport of MPs in the estuary, we recommend
investigating the variations along the estuary through more intensive
spatial (longitudinal, transverse and vertical) and temporal sampling, as
it is known that the abundance of MPs can vary depending on these
variables (Li et al., 2023; Wong et al., 2020; Wu et al., 2022). Further
research is needed to assess the role of other hydrodynamic factors in MP
dynamics.
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