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Abstract
This study investigates the distribution, characteristics, and composition of marine microplastics (MPs) in the Baltic
Sea during winter, under the meteorological conditions associated with the Dudley, Eunice, and Franklin storms of
2022. Sampling was conducted aboard r/v Oceania in February 2022 at 16 stations and along 13 transects under both
calm and stormy conditions, using a dedicated microplastic net, a stainless-steel pump, and Niskin bottles. The mean
MPs concentration was 273.8± 181.1 MPs m3, with markedly higher concentrations in deeper waters, particularly in
the Bothnian Sea (up to 1083.3 MPs m3). Fibres dominated the MPs pool (70.1%), followed by fragments (29.8%)
and beads (0.1%). Black (38.5%), blue (24.3%), and transparent (15.6%) particles were the most common. Raman
spectroscopy analysis identified polyester (other than PET, 28.6%), polyethylene (12.5%), polypropylene (7.4%),
polyurethane (6.1%), PET (3.3%), rubber (1.9%), and polyamide (1.2%), while 39.1% of MPs were classified as aged
and unidentifiable. Significant differences in polymer composition were found between surface and deep-water samples.
MPs density strongly influenced vertical distribution in the Gulf of Gdańsk and the Bothnian Sea, whereas vertical
patterns were less distinct in the storm-exposed central Baltic (Gotland Basin). The accumulation of MPs in both
surface and deep waters indicates potential ecological and human-health risks.
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1. Introduction
Plastic pollution has emerged as a major environmental

concern, threatening the health of oceans, terrestrial envi-

ronments, the atmosphere, and living organisms. While the

widespread occurrence of microplastics (MPs) is well doc-

umented (Allen et al., 2022), the pathways through which

these pollutants are transported within and between en-

©2026 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

vironmental compartments remain incompletely under-

stood. This global contamination stems from the extensive

use of plastics, driven by their low cost, durability, and

versatility (Rocha-Santos and Duarte, 2015).

The problem is particularly acute in the marine envi-

ronment, where annual inputs of plastic waste far exceed

existing concentrations. Peng et al. (2020) estimated that

in 2017 alone, more than 33 times as much plastic en-

tered the oceans as was previously present. This trend is

projected to continue, with an estimated increase of 33
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million tons by 2050 (PlasticsEurope, 2020). Oceans act

as major sinks for plastic litter originating from both land-

based andmarine sources (Jambeck et al., 2015; Zhao et al.,

2025). By 2019, cumulative global plastic production had

surpassed 8,000 million tons, of which only 9% had been

recycled, 12% incinerated, and approximately 79% had

accumulated in the natural environment (Carney Almroth

and Eggert, 2019). Currently, more than 300 million tons

of plastic are produced annually, and at least 14 million

tons enter the ocean each year, constituting around 80%

of all marine litter found from surface waters to deep-sea

sediments (IUCN, 2021).

Due to the vast scale of plastic pollution, the global

abundance of MPs has increased markedly (Van Sebille et

al., 2015). MPs are typically defined as plastic particles

smaller than 5 mm, distinguishing them from larger frag-

ments (macroplastics) that exceed this threshold (Arthur

et al., 2009). MPs can be classified into two categories

based on their origin: primary and secondary MPs

(Boucher and Friot, 2017).

Primary MPs are intentionally manufactured at micro-

scopic sizes and enter the environment either accidentally

or through wastewater discharge. Common examples in-

clude microbeads used in cosmetics (e.g., exfoliants, tooth-

paste) and pharmaceutical applications such as drug deliv-

ery systems (Nerland et al., 2014). These particles are gen-

erally uniform in size and polymer composition – typically

polyethylene (PE), polypropylene (PP), or polystyrene (PS)

– and have spherical or amorphous shapes, making their

source more readily identifiable (Efimova et al., 2018). In

addition, the abrasion of large plastic items during produc-

tion, usage, or maintenance (e.g., laundering of synthetic

textiles) results in the release of fibrousMPs, also classified

as primary MPs (Boucher and Friot, 2017).

Secondary MPs, in contrast, originate from the envi-

ronmental degradation of larger plastic debris into pro-

gressively smaller fragments (Andrady, 2011; Song et al.,

2018), eventually reaching microscopic or even nanoscale

sizes (Peng et al., 2020). This fragmentation is driven by

a combination of physical (e.g., mechanical abrasion from

wave action), chemical (e.g., photooxidation and UV degra-

dation), and biological (e.g., microbial enzymatic activity)

processes (Bergmann, 2015). While degradation occurs

more slowly in the deep sea due to lower temperatures

and limited light penetration (Efimova et al., 2018), intense

mechanical stress caused by sediment abrasion and wave

action in the surf zone – particularly during storms – con-

tributes substantially to the formation of secondary MPs

in coastal waters (Nakajima et al., 2022).

Once released, MPs disperse across multiple environ-

mental compartments, including the atmosphere (Dris

et al., 2016; Ferrero et al., 2022; Gasperi et al., 2018),

freshwater bodies (Wagner and Lambert, 2018), glaciers

(Ambrosini et al., 2019; Zhang et al., 2021), the Antarc-

tic and Arctic regions (Waller et al., 2017, Bergmann et

al., 2022; Ikenoue et al., 2023a, b), and marine sediments

(Van Cauwenberghe et al., 2015). Their transport and fate

are influenced by hydrodynamic processes (e.g., currents

and wind), particle density, and environmental conditions

(Reineccius andWaniek, 2022; Ikenoue et al., 2024). More-

over, their vertical and spatial distribution in the ocean

varies by region and latitude, complicating assessments of

ecological impact.

The Baltic Sea represents a particularly relevant region

for MPs research due to its specific environmental and an-

thropogenic characteristics. It is a semi-enclosed, shallow,

brackish basin with limited water exchange with the North

Sea, which may favour the retention and accumulation of

pollutants (Feistel et al., 2008). At the same time, the Baltic

catchment is densely populated and highly industrialised,

and the basin is exposed to multiple land-based and ma-

rine sources of plastic contamination, including riverine

discharge, urban runoff, wastewater effluents, shipping,

fisheries, and coastal tourism. Hydrodynamic processes

in the Baltic Sea, including strong seasonal stratification,

shallow coastal resuspension, and episodic storm-induced

turbulence, may substantially influence the transport, mix-

ing, and vertical redistribution of suspendedMPs (Kautsky

and Kautsky, 2000; Martyanov et al., 2023). Despite in-

creasing interest in MPs pollution in the region, important

knowledge gaps remain, particularly regarding their dis-

tribution across water layers and their behaviour under

high-energy weather conditions.

Comprehensive investigations into the occurrence and

behaviour of MPs are essential to assess their environmen-

tal fate and potential biological effects. Recent studies have

begun to address these knowledge gaps in the Baltic Sea.

For example, Piskuła et al. (2025) conducted an extensive

analysis of marine MPs in both surface seawater and fish

samples collected from corresponding fishing zones. Their

study found MPs in 100% of seawater samples and 61% of

fish specimens, with fibres being the dominant shape and

blue the most prevalent colour. The dominant polymers

included PE, PP, cellophane, polyamide (PA), and polyacry-

late (PAC).

These findings emphasise the widespread presence

and biological uptake of MPs in the Baltic ecosystem, re-

inforcing the urgent need for further investigation into

their sources, distribution, and environmental impacts. In

this respect, stormy conditions can cause the mobilisation

and transport of a range of pollutants in aquatic systems

(Yuan et al., 2023), leading to an abrupt release of MPs

(up to four times higher than during pre-storm periods)

in seawater through waterways (Hitchcock, 2020); Ock-

elford et al. (2020) recently underlined that MPs contam-

ination of river sediments is so pervasive that any influ-

ence on the sediment bed surface driven by storm-induced

floods can transform rivers from sinks into sources of MPs

for the marine environment, with limited predictability.

Given that the Baltic is a semi-enclosed, shallow basin, the
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storm-induced effect may influence the MPs concentra-

tions. Finally, Osinski et al. (2020) underlined the need for

extensive and resource-intensivemeasurement campaigns

related to MPs distributions that rely on a high number

of samples to predict MPs’ fate, especially under storm

conditions.

The wave properties of the Baltic Sea, shaped by its

regional climatology, differ from those of other marine en-

vironments (Andrejev et al., 2011; Soomere and Räämet

et al., 2011; Soomere 2023). As a result, transport pat-

terns of pollutants and natural compounds across the sea

surface may also differ, as has been shown for sea spray

(Markuszewski et al., 2017, 2020, 2024; Zinke et al., 2024a)

and bacteria (Zinke et al., 2024b). These processes may

also affect the regional emission–deposition budget, with

consequences for both the marine environment and adja-

cent terrestrial areas.

Building on this body of work, the present study aims

to advance understanding of the vertical and latitudinal

distribution of marine MPs in the Baltic Sea, using data

collected during a dedicated research cruise under spe-

cific conditions: the Dudley, Eunice and Franklin storms

of 2022 (Williams et al., 2025). These extreme conditions

(see Section 2) allowed an unusual and rare opportunity to

investigate MPs’ fate in the marine environment when ex-

posed to the stress of high winds. In particular, the present

work focuses on the latitudinal and vertical behaviour of

MPs in terms of number concentration, size, colour, and

polymer composition across different regions of the Baltic

Sea. Moreover, as these findings were obtained under un-

usual conditions, the aforementioned characteristics of

MPs in the Baltic Sea were compared with previous stud-

ies.

Therefore, this study aimed to determine how storm-

driven conditions influenced the occurrence, vertical dis-

tribution, and characteristics of marine MPs in the Baltic

Sea. Specifically, we aimed to: (i) quantify MPs abundance

across different latitudinal sectors andwater layers, (ii) de-

termine their morphological and polymer characteristics,

and (iii) assess whether intensified storm-related mixing

may explain the observed variability in MPs composition

and distribution.

2. Material and methods
2.1 Sampling site: general description and meteoro-

logical conditions
The Baltic Sea receives freshwater input from numerous

rivers, many of which have transboundary catchments.

These rivers transport nutrients, sediments, andpollutants

from surrounding land areas into the basin (Reckermann

et al., 2022). Among the largest are the Neva River, dis-

charging into the Gulf of Finland, and the Vistula River,

which flows into the Gulf of Gdańsk. Due to limited water

exchange and long residence times – estimated at 25–35

years (Kautsky and Kautsky, 2000) – pollutants introduced

by major rivers can persist in the system for extended pe-

riods.

Salinity in the Baltic Sea ranges from approximately 20

(nondimensional values according to the Practical Salin-

ity Scale 1978, Lewis 1980) in the south-western part to

as low as 0.2 in the northernmost regions, making it the

world’s largest brackish inland sea (Reckermann et al.,

2022). This low salinity results from substantial fresh-

water input via precipitation and river discharge.

The central parts of the Baltic Proper are permanently

stratified due to denser, saline water at depth. Surface

waters typically exhibit salinities between 6 and 8, while

deeper layers range from10 to14 (Feistel et al., 2008). This

sharp salinity gradient forms a persistent halocline, gen-

erally located between 60 and 80 metres, which strongly

inhibits vertical mixing (Kautsky and Kautsky, 2000). In

spring and summer, seasonal thermal stratification de-

velops, with a thermocline forming between 15 and 30

metres in depth. During autumn and winter, inflows of

colder, denser, andmore oxygenated saline water – primar-

ily driven by storms and atmospheric pressure variations

– can renew deeper layers to some extent (Kautsky and

Kautsky, 2000; Rak, 2016).

Marine MPs samples were collected during a research

cruise conducted in collaboration with the Institute of

Oceanology of the Polish Academy of Sciences (IO PAN)

aboard the Polish research vessel r/v Oceania between

7 and 16 February 2022. The cruise began in the port

of Gdańsk, proceeded northward through the Baltic Sea,

passed Gotland Basin, traversed the Åland Islands, reached

63°N in the Bothnian Sea, and returned to the Vistula delta.

The total distance covered was approximately 2,000 km.

The experimental campaign took place in the Baltic

Sea under the influence of three storms, namely Dudley,

Eunice and Franklin. AsWilliams et al. (2025) pointed out,

February 2022 was notable for its intense cyclonic activ-

ity across northern Europe, which experienced the three

aforementioned storms within a single week, constituting

a serial cyclone clustering event, the fourth highest num-

ber recorded since 1979. This period was characterised by

a minimum central mean sea level pressure of ∼954 hPa

and near-surface wind gusts (maximum up to ∼55 m/s)

and higher precipitation totals than average for February,

associated with an unusually strong Arctic stratospheric

polar vortex, the second strongest since 1979. This led

to an anomalous sea level rise, allowing the Baltic Sea to

reach its maximum elevation and resulting in coastal and

dune erosion (Łabuz, 2023).

2.2 Microplastic sampling
MPs samples were collected from the surface water layer

using both a 300 𝜇mmeshmicroplastic net (manufacturer:

HydroBios, cat. number: 438,214) and a stainless-steel

pump system. The netwas deployed at the beginning of the

cruise (i.e., in the Gulf of Gdańsk); however, when stormy
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Figure 1. Geographical locations of the sampling stations with corresponding CTD measurements.

conditions occurred, a stainless-steel pump system was

applied to replace the net, whose use had become impos-

sible. The same net was then deployed in areas protected

by the wind and waves, and between one wind gust and

the subsequent one.

The microplastic net was mounted on a 70×40 cm

(width×height) frame with two flotation bodies in the

middle, ensuring sampling of the top ∼20 cm of surface

water. Before each deployment, the netwas rinsedwith tap

water, and themeshwas thoroughly cleaned using distilled

water; then the net was towed for 10–15 minutes while

the vessel moved at 1.5–2.0 knots.

In cases where net or bottle sampling was not feasi-

ble, a CRN5-7 A-P-G-E-HQQE stainless-steel pump (model

A96517244P31221) was used. The pump’s intake was

located 2.5 metres below the vessel’s waterline on the star-

board side, and the outlet was connected to a faucet in

the wet laboratory via a 35-metre stainless steel pipeline.

A 300 𝜇mmesh filter – identical to those used in net sam-

pling – was mounted on the faucet. The mesh was rinsed

with distilled water prior to assembly. The pump operated

at a flow rate of 0.39 L/min and was left running continu-

ously for up to 24 hours per transect.

After each sampling event (either via net or pump),

the 300 𝜇mmesh was rinsed with distilled water, and the

retained material was further filtered through a 32 𝜇m

stainless-steel mesh. The resulting filtrate was transferred

into pre-cleaned glass jars and stored frozen until labora-

tory analysis.

To sample deep water, down to the base of the ther-

mocline, a 30 L Niskin bottle was deployed after each net

deployment, depending on sea conditions (winds andwave

intensity). Prior to each sampling event, vertical profiles

of temperature and salinity were obtained using a conduc-

tivity–temperature–depth (CTD) probe (SBE 21 SeaCAT

Thermosalinograph, Sea-Bird Scientific, USA). All CTD pro-

files are presented in Figure S1 in the Supplement Sec.

CTD data showed that the water column was generally

well mixed throughout the cruise, largely due to persis-

tent strong winds of ∼20 m/s. Owing to this strong mix-

ing, casts of Niskin bottles were performed down to the

seafloor. At certain stations, adverse weather conditions

– including high winds and waves – hampered the use of

Niskin bottles (as described above for net sampling); in

these cases, sampling was conducted only with the pump

system.

The 30 L Niskin bottle was deployed vertically using

a winch and cable system. Collected water was filtered on

board using the same 300 𝜇mmesh used for net sampling,

ensuring comparable retention efficiency between net and

pump sampling methods.

After each sampling at depth, the 300 𝜇m mesh was

rinsed with distilled water, and the retained material was

further filtered through a 32 𝜇m stainless-steel mesh. The

resulting filtrate was transferred into pre-cleaned glass

jars and stored frozen until laboratory analysis.

In total, we collected 38 samples at 16 stations and

13 transects. The geographical locations of the sampling

stations are shown in Figure 1.

Each station was labelled according to the number

of the CTD (Conductivity-Temperature-Depth) profile ac-

quired at that location. Transects, defined as the segments

between two consecutive CTD stations, were named using

the numbers of the corresponding endpoints (e.g., tran-

sect 6/7 refers to the section between stations 6 and 7).

When samples were collected more than once at a station,

the replicate was indicated with a sequential number (e.g.,

7/8_2). The geographical positions and meteorological

conditions during the cruise are presented in the Supple-

ment Sec. (Table S1, Figure S2). As supporting information,

summaries of all MPs are available online in a data reposi-

tory (see the “Data availability” section).



Marine microplastics in the Baltic Sea under stormy conditions: the case of Dudley, Eunice and Franklin ... 5/19

Finally, all the counted MPs in each sample were re-

ferred to the water volume analysed in the same sample

to obtain the final concentration. Notably, despite the sub-

stantial differences in the volumes of water sampled us-

ing the three aforementioned techniques (approximately

245 m3 with the net, 0.06 m3 with Niskin bottles, and ap-

proximately 10 m3 with the pump system), the final MPs

concentrations reported in Sec. 3.1 reflect environmental

processes rather than the volume of seawater sampled.

2.3 Visual inspection
In the laboratory, the collected samples were thawed at

room temperature for 24 hours. To remove organic ma-

terial, a 36–38% hydrogen peroxide (H2O2) solution was

added to each jar in a 1:1 volume ratio. The jars were then

placed in an air incubator at 55°C for 24 hours on a stirring

platform set to 80 rpm to accelerate the oxidation process.

After digestion, the solution was condensed on the

300 𝜇mmesh, and the retainedmaterial was transferred in

batches to Petri dishes and examined under a Leica M205C

stereomicroscope at magnifications ranging from 7.8× to

160×. Images of each suspected MPs particle were cap-

tured using an attached Leica DFC450 camera. Particles

were then classified by shape (fibre, fragment, bead, un-

known type) and colour (black, red, blue, white, yellow,

orange, pink, purple, grey, multicoloured).

The length and width of each identified MPs item were

measured using the ImageJ software package (Fiji distribu-

tion, Schindelin et al., 2012). For each particle, the width

was measured at three randomly selected points and aver-

aged to account for variability in thickness along its length.

After the visual inspection, the sample contents were

vacuum filtered through glass fibre filters (Whatman GF/C,

1.2 𝜇m pore size, filters were previously baked at 450°C

for 4 hours in order to remove potential contaminants).

It should be noted that filtration performed in the field

was used to collect suspended particles, including MPs,

directly from the sampled water, whereas the subsequent

laboratory filtration after chemical digestion was applied

only to recover and retain the particles already collected

in the sample after removal of organic matter.

2.4 Raman spectroscopy
Micro-Raman spectra were acquired using a 𝜇-Raman in-

Via system (Renishaw™), coupled with a Leica stereomi-

croscope equipped with magnifications of 5×, 20×, 50×,

and 100×, and mounted on a motorised 𝑥–𝑦 stage. Spec-

tra were collected in the range of 100–4000 cm−1, with

the CCD detector (Charge-Coupled Device) offering a spec-

tral resolution (FWHM, Full Width at Half Maximum) of

0.5 cm−1.

The system was equipped with two fixed-wavelength

lasers (532 nm and 785 nm). Raman measurements were

conducted using the 532 nm laser with the spectral range

centred around 1090 cm−1; depending on the particle size,

magnification was adjusted between 5× and 100×, follow-

ing the same protocol described in Ferrero et al. (2022)

to obtain results comparable to those previously obtained

in the Baltic during the 2019 campaign reported in the

aforementioned work.

To avoid thermal degradation or combustion of MPs

particles, laser power was carefully adjusted based on par-

ticle response. A preliminary scan was conducted with

a 1-second acquisition time, 5 accumulations, and laser

intensity set to 5%. If the resulting spectrum was clean,

a second scan was performed with 30 accumulations. For

noisier spectra, 60 accumulations were acquired. In cases

of detector saturation, the acquisition protocol was ad-

justed to 120 accumulations at 1-second exposure with

a reduced laser intensity of 0.1%.

Baseline correction was applied to all spectra. Poly-

mer identification was performed using a MATLAB-based

matching algorithm, requiring a minimum spectral match

of 65%against reference libraries. The referencedatabases

included the Renishaw in-built polymer library and a cus-

tom in-house library of industrial-grade pure polymers

provided by the Italian plastics manufacturer Orlandi and

Orlandi Srl. This custom library was developed and main-

tained by the “Centro Provenance” at the Department of

Earth and Environmental Sciences (DISAT), University of

Milano-Bicocca, and is freely accessible via Ferrero et al.

(2022).

Single MPs were manually analysed and a total of 764

Raman spectra were collected, almost four times more

than those (236 Raman spectra) previously reported in

Ferrero et al. (2022) within the same area. The selection

of analysed fibres and particles was based on a hybrid

random-selection choice, following the same criteria of the

aforementioned study: randomly selecting single fibres

or fragments among the ensemble of tho se with similar

colour, size and shape from each sample from a visual im-

age at lowmagnification using the 𝜇-Raman microscope,

representing ∼38% of the visually identified single iso-

lated microparticles (not agglomerated with others). This

is even more (∼twice) than the percentage of MPs anal-

ysed in the Baltic by Ferrero et al. (2022) and four times

higher than the analysis reported by González-Pleiter et al.

(2021), by Liu et al. (2019a), and higher than the 27 MPs

analysed in Szewc et al. (2021).

Among the 764 collected 𝜇-Raman spectra, 472 were

measured from net samples, 118 from Niskin bottles and

174 from active pumping samples. This difference is an

indirect effect of the different water volumes sampled us-

ing the three aforementioned techniques (namely, 245 m3

with a net, 0.06m3 with Niskin bottles, and 10m3 with the

pump system). It is noteworthy that relatively closer atten-

tion was given to Niskin bottle samples due to the lower

water volume available and the importance of properly

representing the deep water conditions.

Considering the 764 collected 𝜇-Raman spectra, 152
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were measured in the Northern Baltic (Bothnian Sea) rep-

resenting 20% of the total (98 spectra from surface sam-

ples and 54 fromdeepwater samples), 335weremeasured

in the central Baltic (Gotland area) representing 44% of

the total (168 spectra from surface samples and 49 from

deep water samples) and finally 277 were measured in the

Southern Baltic (Gulf of Gdańsk area) representing 36% of

the total (206 spectra from surface samples and 71 from

deep water samples).

2.5 Contamination prevention measures
To account for potential MPs contamination from the sur-

rounding environment, field blankswere employed. Empty

jarswere exposed to air during sampling and subsequently

processed using the same protocol. The mean number

of MPs found in these blanks was subtracted from all ex-

perimental samples. Furthermore, laboratory procedures

were conducted under a fume hood whenever possible,

while a benchtop fume hood was utilised during micro-

scopic analysis to mitigate the deposition of airborne MPs

onto the processed samples.

2.6 Statistical analyses
All statistical analyses were conducted in R 4.4. (R Core

Team, 2026). The differences in the length and width

of MPs fibres across different locations and water layers

were inspected. Due to the non-parametric distribution

of the data (right-skewed data) and a significantly unbal-

anced experimental design, traditional Analysis of Vari-

ance (ANOVA) assumptions were not met. Consequently,

a permutation-based ANOVA (permANOVA) was applied

using the aovperm() function from the permuco R package

(Frossard and Renaud 2021). The model included ’loca-

tion’ and ’layer’ as fixed effects, including their interaction

term. P-values were calculated based on 10000 permu-

tations using the Freed-Lane method to account for the

unbalanced nature of the dataset. Post hoc pairwise com-

parisons were performed using the Wilcoxon rank-sum

test when the factor had two levels, and Dunn’s test from

the FSA package (Ogle et al., 2026) when the factor had

more than two levels. In addition, the Holm–Bonferroni

adjustment was applied to control the family-wise error

rate.

3. Results and discussion
3.1 Abundances
A total of 17,321 marine MPs particles were collected dur-

ing the cruise, yielding an average concentration of 273.8±

181.1 MPs/m3 across all samples. Concentrations varied

according to the samplingmethod: 4.2± 2.4 MPs/m3 from

surface net tows, 70.0± 48.0 MPs/m3 from pump samples

at 2.5 m depth, and 936.7±501.9 MPs/m³ from Niskin

bottle samples collected near the seafloor. Because these

values were obtained using different devices targeting dif-

ferent parts of thewater column, they shouldnot be treated

asdirectly equivalent, and comparisonswithprevious stud-

ies must take into account the applied sampling method-

ology.

Our near-surface results are most appropriately com-

pared with previous Baltic Sea studies based on surface-

oriented sampling. Ferrero et al. (2022) investigated ma-

rine MPs using a dedicated HydroBios microplastic net

with a 300 𝜇mmesh and reported concentrations ranging

from 22 to 160 MPs/m3, with a mean of 79± 18 MPs/m3.

Their methodology is therefore most directly compara-

ble with our surface net sampling, although differences

in meteorological conditions between campaigns should

still be considered. Mazurkiewicz et al. (2022, 2025), in

turn, collected coastal water samples from approximately

1 m depth using a metal bucket and filtered 100 dm3 of

water in situ through a 32 𝜇m sieve. They reported concen-

trations of 14–93 MPs/m3 in the Gulf of Gdańsk and the

Baltic Proper. These values are broadly comparable with

our near-surface observations, especially with pump sam-

ples collected at 2.5 m depth, although the smaller mesh

size used by Mazurkiewicz et al. (2022) likely enabled

retention of finer particles and may have influenced the

reported concentrations.

By contrast, Bagaev et al. (2018) analysed 95 water

samples collected throughout the Baltic Proper using ship-

mounted Niskin bottles. They reported a bulk mean con-

centration of 0.40± 0.58 items/L, equivalent to 400± 580

MPs/m3, and found that surface and near-bottom concen-

trations were 3–6 times higher than those in the interme-

diate layer. Because their study was also based on Niskin

bottle sampling and included vertical structure through-

out the water column, their results are methodologically

more comparable with our Niskin-derived data than with

our surface net observations. In this context, the elevated

concentrations observed in our near-bottom samples are

consistentwith the general pattern of enhancedMPs occur-

rence outside the intermediate layer, although the stronger

accumulation detected in our study may additionally re-

flect the exceptional storm conditions during sampling.

All of the above values are higher than those reported

by Setälä et al. (2016), who explicitly compared differ-

ent surface-water sampling methods and found concen-

trations of 0–0.8 MPs/m3 using a manta trawl, 0–1.25

MPs/m3 using a 300 𝜇m pump, and 0–6.8 MPs/m3 using

a 100 𝜇m pump. This comparison illustrates how strongly

reportedMPs concentrationsmay depend not only on envi-

ronmental conditions, but also on the sampling approach

itself, including the device used, the sampled depth, mesh

size, and the effective volume of filtered water. Therefore,

lowerMPs concentrations reported in some earlier studies

may partly reflect methodological differences in addition

to real spatial, seasonal, or meteorological variability.

Considering the vertical distribution, Zobkov et al.

(2019) demonstrated that MPs’ distribution varies season-

ally. During summer, concentrations peaked at the thermo-
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Figure 2. Abundance of marine microplastics collected using net, pump and Niskin bottle sampling across the various

geographical locations from the southern to the northern parts of the Baltic Sea.

cline (30–60 m), reaching levels several times higher than

those in the upper 0–30 m layer. In winter, by contrast, the

highest concentrations were found in surface waters, with

3–6 times lower values at depth.

In our study, the highest MPs concentrations were de-

tected near the seafloor, rather than in surfacewaters. This

pattern is likely influenced by meteorological conditions

during the cruise, as February 2022 was marked by strong

winds and storms across Northern Europe, which likely

enhanced vertical mixing. Given the shallow nature of the

Baltic Sea (average depth ∼55 m), wave-induced turbu-

lence can reach the seafloor, resuspending sediment and

associated MPs into the overlying water. This is partic-

ularly evident in the southern Bothnian Sea, where high

marineMPs concentrationswere recordedusing theNiskin

bottle. In this area, the basin narrows into the Åland Sea,

potentially reducing current velocities and enhancing de-

position of suspended materials.

To better describe the spatial distribution of marine

MPs by depth and latitude under specific conditions of

this campaign, sampling stations were grouped into six

macro-regions: the Gulf of Gdańsk, the Gdańsk–Gotland

transect, the Eastern Gotland Basin, the Gotland–Åland

Sea transect, the Åland Sea, and the Bothnian Sea (Table

S2). The results (Figure 2) reveal a latitudinal trend. The

highest concentrations were observed in the northern ar-

eas of the Baltic deep water (the Bothnian Sea: 1083.3

MPs/m3) and in the southern Baltic deep water (the Gulf

of Gdańsk: 995.2 MPs/m3). In contrast, the lowest con-

centrations were found in surface waters of the Åland Sea

(0.2 MPs/m3, net sample) and along the Gdańsk–Gotland

transect (2.8 MPs/m3, pump sample).

The Gulf of Gdańsk, a highly urbanised and industri-

alised region, receives a heavy inflow of MPs through both

in-situ sources – such as port activity, shipping, urban

runoff, construction, wastewater treatment, and storm

water discharge – and ex-situ sources like agriculture and

inland urban areas via the Vistula River. Some samples

were also collectedwithin theGdańsk harbour, which likely

contributed to the elevated marine MPs concentrations ob-

served.

In contrast, the Gotland area is a more open basin with

greater horizontal water movement, which may promote

a more even distribution of MPs across the region and

reduce localised accumulation. Moving towards the Both-

nian Sea, theMPs concentration rose due to the close basin

configuration of this area.

3.2 Particle morphology
MPs were classified based on their shape, colour, and di-

mensions.

3.2.1 Shape
Differentiating particle type by shape is essential for iden-

tifying their likely origin and understanding their distri-

bution trends. Three main categories were defined: fi-

bres, representing filamentous and elongated shapes; frag-

ments, encompassing irregularly shaped particles; and

beads, referring to spherical primary MPs typically used

in the cosmetic industry.

The overall dataset reveals a clear dominance of fibres

(70.1%) compared to fragments (29.8%), with beads ac-

counting for only 0.1% of all MPs (Figure 3a,b). Inter-
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Figure 3. Relative abundance of different particle types across the entire Baltic Sea, the Gulf of Gdańsk, and the open sea

regions.

estingly, a higher proportion of fragments relative to fi-

bres was observed in surface water samples from the Gulf

of Gdańsk, in contrast to the more fibre-dominated open

Baltic Sea (Figure 3c). Specifically, at the Station 1ne (net

sample), fragments comprised61.1%of theparticles, while

fibres accounted for 38.9%, whereas at Station 14ne (net

sample), fragments made up 86.2%, with fibres at only

13.8% (Table S3 in the Supplementary section). Moreover,

MPs were mostly due to polystyrene agglomerates in the

Gdańsk area. In general, the proportion of fragments de-

creased toward the northern latitudes.

These findings are consistent with previous research.

Rios-Fuster et al. (2022) reported that microfibres were

themost abundant type ofMPs in themarinewater column.

Similarly, data from the 2019 research cruise in the Baltic

Sea showed overwhelming dominance of fibres, which ac-

counted for 97%of collected particles (Ferrero et al., 2022).

A comparable trend was observed by Bagaev et al. (2018),

who found 69.2% fibres and 30.8% fragments across the

Baltic Sea. However, they also noted a significant regional

contrast – fragments accounted for 79% of MPs in the Gulf

of Gdańsk, with fibres comprising only 21%.

Observations in the Gulf of Gdańsk are further sup-

ported by a field study conducted along the southern Baltic

coast by Mazurkiewicz et al. (2022). That study also re-

ported a similarly high proportion of fragments in beach

plastic contamination, reinforcing the interpretation that

shoreline urbanisation and port-related activities con-

tribute substantially to fragment pollution in the region.

Taken together, these results suggest that textile waste

remains a major source of MPs fibres in the Baltic Sea. Fi-

bres may be released directly during textile production or

indirectly via laundering and wastewater effluent, which

transports them into rivers, the atmosphere, or directly

into marine waters. However, the elevated abundance of

fragments at Stations 1, 11, 14, and 16 (net samples) –

all located within the Gulf of Gdańsk – is likely linked to

the proximity of the Gdańsk harbour, a major commercial

shipping hub. In this area, a large quantity of polystyrene

fragments was also detected. Since polystyrene is com-

monly used in packagingmaterials, it is plausible that com-

mercial and shipping activities contribute substantially to

fragment release, with particles eventually entering the

marine environment.

3.2.2 Fibres dimension
The average length of all the MPs’ fibres (fibres with length

<5000 𝜇m) collected was 1084±1048 𝜇m (mean± SD),

while the average width was 20±11 𝜇m. Particle dimen-

sions ranged from 52 𝜇m to 4999 𝜇m in length, and from

2 𝜇m to 99 𝜇m in width. These results are generally con-

sistent with previous findings. For instance, Bagaev et al.



Marine microplastics in the Baltic Sea under stormy conditions: the case of Dudley, Eunice and Franklin ... 9/19

Figure 4. Length distribution of microplastics (<5000 𝜇m) in surface (red) and deep (blue) water layers. The bars

(histogram) represent the observed particle counts within specific size bins (bin width= 200 𝜇m for length and 5 𝜇m for

width), while the solid lines (kernel density) illustrate the estimated continuous probability distribution scaled to the

sample size. Below the histograms, boxplots summarize the distribution characteristics, where the central vertical line

indicates the median (Med), the central short line represents the mean (𝑥̄) and the boxes show the interquartile range

(IQR). Individual data points beyond the whiskers represent outliers.

(2018) reported particle lengths ranging between 0.5 mm

and 11 mm, with the most common size class between

1 mm and 2 mm, and particle diameters typically less

than 50 𝜇m. Similarly, Ferrero et al. (2022) found par-

ticle lengths ranging from 0.26 mm to 11.42 mm (mean:

2.06±1.97 mm) and widths between 7 𝜇m and 36 𝜇m

(mean: 18± 5 𝜇m).

The size frequency distributions for both length and

width were strongly right-skewed (Figure 4). However,

fibre widths from the surface layer exhibited a bimodal dis-

tribution, with a primary peak at approximately 14 𝜇mand

a secondary, less pronounced peak at 38 𝜇m(Figure 4b). In

contrast, fibres from the deep layer showed a single width

peak at approximately 12 𝜇m. Regarding fibre length, the

modal values (peaks) were identified at 360 𝜇m for the

surface layer and 336 𝜇m for the deep layer (Figure 4a).

These data suggest a fragmentation ageing-related process

at depth, which is in keeping with 𝜇-Raman data (Section

3.3).

3.2.3 Regional variability in size distribution
MPs’ size distribution, in terms of length and width, is

discussed below, starting from the samples collected at

individual stations and then along the transects. In the

Gulf of Gdańsk, the Gotland Basin, and the Bothnian Sea,

the length and width distributions of MPs fibres exhib-

ited a strongly right-skewed profile, consistent with the

overall dataset (Figure 5). Mean fibre lengths ranged from

899±753 𝜇m in the deep layers of the Bothnian Sea to

1400± 1172 𝜇m in the surface layers of the Gotland Basin.

The permANOVA analysis revealed a significant impact of

both location (F(2, 3339)=7.29, p resampled=0.0013)

and water layer (F(1, 3339)= 4.12, p resampled= 0.040),

but there was no statistically significant effect of variable

interaction (p resampled=0.068). Moreover, the differ-

ences in lengthwere significant among all pairs of locations

(Dunn’s test, Holm-adjusted p< 0.05).

Regarding width distributions, most profiles were uni-

modal with a slight positive skew (right-hand tail). A no-

table exception was observed in the surface layer of the

Bothnian Sea, which displayed a distinct bimodal distribu-

tion. Across these three regions, mean fibre widths ranged

from 15±6 𝜇m in the deep layer of the Bothnian Sea to

29± 13 𝜇m in its surface layer. This bimodal distribution

for the Bothnian Sea surface layer and shift toward larger

widths may suggest a different composition or source of

microplastic fibres compared to other locations. The per-

mANOVA analysis revealed a significant impact of both

location (F(2, 3339)= 728.73, p resampled= 0.0001) and

water layer (F(1, 3339)=85.91, p resampled=0.0001),

as well as significant impact of the interaction among the

variables (F(2, 3335), p resampled= 0.001). The post hoc
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Figure 5. Size distribution of microplastics across three Baltic Sea basins: length distribution (𝜇m) (a) and width

distribution (𝜇m) (b). Data are presented as relative frequency (%) for surface (solid line) and deep (dashed line) water

layers.

analyses showed that the differences in length between

the deep and surface layers were significant only in the

Gulf of Gdańsk and the Bothnian Sea (Wilcoxon test, Holm-

adjusted p< 0.05), with a higher width in the surface layer

in both cases (Table S4 in the Supplementary Material).

Regarding the difference between separate layers, only

microplastics from the Bothnian Sea showed significantly

higher width compared to the Gotland Basin and the Gulf

of Gdańsk (Dunn’s test, Holm-adjusted p< 0.05, Table S4).

Considering transects, the size distributions of micro-

plastic fibres across the Åland Sea, the Gdańsk–Gotland

Basin, and the Gotland Basin–Åland Sea transects further

reflected regional variability in particle dimensions

(Figure 6). Similar to the broader dataset, the fibre length

distributions remained markedly right-skewed across all

transects (Figure 6a). The most pronounced length peak

was observed in the Åland Sea transect at approximately

400 𝜇m, while the Gotland Basin–Åland Sea transect ex-

hibited a broader distribution with a less defined primary

peak and a higher proportion of fibres exceeding 2000 𝜇m.

The average length varied between 960± 1149 𝜇m in the

Åland Sea transect and 1078±1059 𝜇m in the Gdańsk–

Gotland Basin transect, to 1852± 1222 𝜇m in the Gotland

Basin–Åland Sea transect. The length of the microplastics

differed significantly among the transects (permANOVA

F(2, 450)=22.1, p resampled<0.001) and was also sig-

nificant among all pairs of locations (Dunn’s test, Holm-

adjustedp< 0.05),with the shortest fragments in the Åland

Sea transect and the longest in the Gotland Basin–Åland

Sea transect (Table S3).

In contrast, the width distributions revealed distinct

multi-modal patterns (Figure 6b). The Gdańsk–Gotland

Basin and the Gotland Basin–Åland Sea transects showed

primary peaks in the 13–21 𝜇m range, and an average

width between 20±11 𝜇m and 20±8 𝜇m. Notably, the

Åland Sea transect exhibited a clear bimodal width dis-

tribution, with a primary peak at 38 𝜇m and a secondary,

smaller peak at 14 𝜇m, which resulted in an average width

of 28± 12 𝜇m. It was also confirmed by the Kruskal-Wallis

test that the width differed significantly among transects

(permANOVA F(2, 450)= 30.6, p resampled< 0.001), but

only the Åland Sea transect was significantly different with

higher values from other transects (Dunn’s test, Holm-

adjusted p< 0.005). The shift toward larger widths in the

Åland Sea transect suggests, similar to the case of the Both-

nian Sea surface layer, a different composition or source
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Figure 6. Size distribution of microplastics along three transects: through the Åland Sea, from Gdańsk to the Gotland

Basin, and from the Gotland Basin to Åland Sea: length distribution (𝜇m) (a) and width distribution (𝜇m) (b). Data are

presented as relative frequency (%) for surface waters (collected using a pump).

of MPs fibres compared to the more southerly and central

Baltic transects.

3.2.4 Fragmentation and environmental processes
The prevalence of smaller MPs particles, particularly in

deep waters, suggests that fragmentation plays a key role

in shaping the particle size distribution, especially consid-

ering the storm’s role in mixing and potentially resuspend-

ing deposited MPs. Over time, larger plastic debris breaks

down into smaller fragments through physical, chemical,

and biological degradation. A connection between frag-

mentation, sedimentation, and resuspension emerges in

the findings reported in the previous Section 3.2.3.

The higher abundance of small particles in deep-water

samples implies that sediments may act as a fragmenta-

tion medium, mechanically breaking down larger plastics

through abrasion. Wave-induced turbulence, particularly

during strong storms such as those occurring during this

study, can resuspend sediment-associated MPs into the

water column. This dynamic could explain the elevated

concentrations of fine particles observed at depth and re-

inforces the role of benthic processes in the redistribution

and transformation of MPs in the Baltic Sea.

3.2.5 Colour frequency
MPs particles were finally classified by colour, including

transparency. Overall, transparent particles dominated

the dataset, comprising 79.4% of all particles, compared

to 11.5% for coloured particles. Among the latter, blue

(30.8%) and red (27.2%) were the most common colours,

followed by grey (15.9%) and black (13.2%).

At the surface, transparent particles were even more

prevalent, accounting for 89.1% of MPs, while in deep-

water samples, their relative abundance decreased to

45.8% (Figure 7). These results suggest a distinct ver-

tical distribution of plastic colour, likely influenced by pho-

todegradation.

Ferrero et al. (2022) found a predominance of blue and

black fibres (76–89%) in surface waters, followed by red

fibres (2–19%). However, in two stations, the proportions

were reversed, with transparent fibres making up 62%

and 38%, respectively. These two exceptions align with

the current study’s findings, which show a higher presence

of transparent MPs in surface waters.

The dominance of transparent particles in the surface

layer can be attributed to photooxidation – a process in

which prolonged exposure to sunlight bleaches the colour

of plastic particles. In contrast, coloured plastics persist at

greater depths, where reduced light penetration inhibits

this process (Andrady et al., 2022; Zhao et al., 2022). This

vertical shift in colour distribution is consistent with other

studies that highlight the differential transformation of

plastics under varying environmental conditions.

3.3 Polymer composition
The 764 collected 𝜇-Raman spectra were obtained accord-

ing to the geographical and vertical features detailed in

Section 2.4. Due to the pre-treatment of samples to remove

organic material (36–38% H2O2 solution at 55°C for 24

hours) the first result is that 98% of the analysed spectra

corresponded to MPs material, while only 2% (13 spec-

tra) were due to a negligible residual contamination of

lignin-cellulosic natural material. Moreover, considering

the match threshold of 65%with respect to library spectra

(Section 2.4), the analysed MPs fully assigned to a polymer

class were 457 (61% of MPsmaterial) while the remaining

294 (39% of MPs material) remained unclassified; despite

this it is interesting to note from the frequency distribution

of Raman match (Figure 8) that most of the unclassified

MPs are between 50 and 65% of matches, representing
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Figure 7. General percentage composition of transparent and coloured particles (a) and difference between surface and

deep water samples (b, c) showing the variation in transparency across water depth.

Figure 8. Frequency distribution of Raman spectral match

values.

219 spectra, 75% of unclassified material leaving only 75

spectra fully not classified below 50% of match. These

details mean that we are dealing with agedmaterial whose

accurate classification has become difficult. In this respect,

Figure 9 presents several spectra with a descending order

of match showing that below 65% the unclassifiedMPs are

spectrally similar to nylon materials, likely representing

aged (or mixed with other polymer) fishing material that

has remained in the marine environment for an extended

time.

In keeping with Figures 8 and 9, the anthropogenic

polymer classes identified are as follows: Polyethylene

(PE), Polyethylene terephthalate (PET), other-Polyester

(PES; all Polyester other than PET), Polypropylene (PP),

Polypropyleneof respiratorymask (PP– respiratorymask),

Polyurethane (PU), Polyamide (PA), rubber and Unclassi-

fied MPs (Unc_MPs; mostly aged plastic material). It is

noteworthy that polystyrene was also observed in the Gulf

of Gdańsk, especially in front of the Vistula River; however,

it was present in large aggregates (from centimetres to

tens of centimetres). This precluded direct comparison

with individual MPs analysed via 𝜇-Raman spectroscopy.

Therefore, it is not included in the analysis below.

As reported in Figure 10a, themost abundant classified

polymers along the whole campaign are as follows: PES

(other than PET) 28.6%, PE 12.5%, PP 7.4%, PU 6.1%, PET

3.3%, rubber 1.9%, PA 1.2%, leaving 39.1% of Unc_MPs.

These features differed markedly between surface and

deep waters throughout the campaign. In particular, sur-

face waters were characterised by higher proportions of

PES (Other-PES + PET; 34.2%), PE (13.3%), and PP (9.1%)

than deep waters (Other-PES+PET: 23.5%; PE: 9.6%; PP:

1.8%), whereas Unc_MPs were dominant in deep waters

(57.8%) and occurred at much higher proportions than in

surface waters (33.8%).

This analysis, based on 751 spectra, shows a statisti-

cal difference between surface and deep water. In this

respect, a 𝜒2 test (𝛼 = 0.05) was performed on the poly-

mer frequency distributions to assess whether surface and

deep-water distributions differ significantly. At 𝛼 = 0.05,

a statistically significant difference between the surface

and deep water was observed. Importantly, this difference

persisted even when spectra with match values between

50 and 65% were included (Figure 10f), resulting in an

increased proportion of PA at depth (Figure 10b).

In addition, the surface-deep statistical difference re-

mained even when the MPs samples are divided with re-

spect to different Baltic regions:

1. In the Gulf of Gdańsk (Southern Baltic) at the sur-

face other-PES+PET accounted for 23.4% followed

by PE (13.7%) and a similar amount of PP and PU

(11.7 and 11.2%, respectively); deep-water condi-

tions showed an increase of Unc_MPs from 37.6 to

49.3%, mostly due to aged PA, and increase of other

PES (23.9%) and PE (19.7%) while PP, PU and PET

decreased (Figure 10a). Similar types of plastics,

but also PS and Low-Density Polyethylene (LDPE),

were observed by Mazurkiewicz et al. (2022) in the

surface waters of the Gulf of Gdańsk and the Baltic

Proper in 2019.

2. In the Gotland Basin (Central Baltic), surface wa-

ters were rich in PES (36.0%) and PE (16.3%), while
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Figure 9. Six spectra, ranked in descending order of similarity to the µ-Raman library, showed that samples below the

65%match threshold were spectrally similar to nylon (e.g. fishing-net) materials, likely representing aged or mixed-

polymer fishing debris that had persisted in the marine environment for a long time.

deep-water samples showed high levels of PU

(14.3%) and Unc_MPs that, at lower matches of spec-

tra, are interpreted as PA up to 35%.

3. In the Bothnian Sea (the northern Baltic Sea), PES

particles were fully dominant in surface waters

(45.4%) followed by PU (7.2%), rubber (5.2%), PP

and PE (4.1%) whereas deeper waters contained

again PES (32.1%), a small amount of PU and PE

(1.9% each) and a dominant fraction (64.2%) of

Unc_MPs that in large part are explained as aged

fishing material made of PA (Figure 10b).

Considering the three aforementioned regions, several

common features emerge. This is in agreement with the

fact that the seawater density in the study area ranged from

1001 kg/m3 in the Bothnian Sea to 1006 kg/m3 (based

on in situ salinity and temperature measurements, mean

salinity during the whole campaign 6.59± 1.16, tempera-

ture: 2.73±1.14°C), notably lower than the global ocean
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Figure 10. Relative polymeric composition of the microplastics in the Baltic Sea and its distribution across the water

depth and location, in Gulf of Gdańsk, Gotland Sea, and Bothnian Sea (a); the same but accounting for aged fishing MPs

material at depth (b).

average of 1025 kg/m3. These lower densities affected the

vertical distribution of MPs, particularly those with densi-

ties close to or below that of seawater, together with the

unexpected weather conditions induced by the Dudley, Eu-

nice and Franklin storms, the 4th highest number during

the period since 1979, which affected not only seawater

mixing but also input from river discharge.

First of all, deep waters were enriched in high den-

sity, aged, PA-based MPs (Figure 10b), showing a particle

distribution within the water column that tried to follow

a density-dependent stratification pattern, particularly ev-

ident in the Gulf of Gdańsk, where even PES rose in abun-

dance from surface to deep samples, and polyurethane

decreasedwith depth. These findings alignedwith the gen-

eral buoyancy-based behaviour of polymers in seawater.

Previous studies, including Erni-Cassola et al. (2019), re-

ported greater abundance of low-density polymers (e.g.,

PE and PP) in surface waters and higher-density polymers

(e.g., PES, PA, acrylics) predominantly in subsurface layers

– a pattern also observed in the Gulf of Gdańsk.

The patterns observed in the Gotland Basin were more

complicated (Figure 10a,b). In this region, deep waters

were enriched in high density, aged, PA-based MPs, while

surface waters were dominated by high-density PES but
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also PE, while lower-density polymers such as PP and PU

were more common in deep waters. However, it is im-

portant to note that both the Gotland samples were col-

lected after the arrival of the February 2022 storms,mixing

the seawater in an unpredictable way, especially because

among the three areas (the Gulf of Gdańsk, the Gotland

Basin and the Bothnian Sea), the Gotland Basin was the

least geographically protected by the action of the afore-

mentioned storms.

Bothnian Sea samples were also collected after the ar-

rival of the February 2022 storms, but in a more protected

region where the mixing of the seawater was less intense;

in fact, again aged PA increased with depth, while (in keep-

ing with their densities) other-PES and PU were higher in

surface waters. As noted in Section 3.2.3, the bimodal size-

distribution of MPs for the Bothnian Sea surface layer may

further indicate a distinct source of MPs fibres, possibly

linked to the region’s relative remoteness compared to the

southern Baltic Sea.

Finally, these findings are consistent with the post hoc

analysis in Section 3.2.3 and the environmental interpreta-

tion in Section 3.2.4, which showed significant differences

in MPs length between deep and surface layer only in the

Gulf of Gdańsk and the Bothnian Sea with a prevalence of

smaller MPs particles in deep waters related to fragmen-

tation through physical, chemical, and biological degrada-

tion which can also explain the lower Raman match values

due to material aging. The observed accumulation of MPs

in both surface and deep layers of the Baltic Sea suggests

a high potential for ecological and human health risks (Gar-

rido Gamarro et al., 2020; Narloch et al., 2022; Pal et al.,

2025). These particle types can be readily ingested by

marine organisms, leading to physiological stress, repro-

ductive impairment, and possible mortality. Additionally,

the presence of polymers known to adsorb toxic contami-

nants supports the risk of bioaccumulation and biomagni-

fication through trophic levels (Taylor et al., 2016). Given

the proximity of elevated concentrations to populated and

industrialised coastal zones, such as the Gulf of Gdańsk,

there is a realistic pathway for MPs to enter human diets

via seafood, posing potential long-term health concerns

(Garrido Gamarro et al., 2020).

Spatial trends in MPs contamination across species are

often inconsistent due to differences in habitat preference,

feeding strategies, and trophic level (Porter et al., 2023).

For example, filter-feeders and planktivores may ingest

MPs suspended in surface waters, while benthic feeders

are more likely to be exposed to particles resuspended

from sediments during storm-induced mixing – a process

supported by our findings of elevated MPs concentrations

in near-bottom samples, particularly in the Bothnian Sea.

Similar results were observed in other regions of measure-

ments by inter alia: Kahane-Rapport et al. (2022), Collins

et al. (2024). Additionally, species-specific behaviours,

such as selective feeding or avoidance, influence MPs in-

gestion rates. Variability in MPs polymer type and size

between regions, as observed in our study (e.g., larger frag-

ments in the Gulf of Gdańsk vs. finer fibres in deeper wa-

ters, fresh MPs at the surface and aged in depth, mixing in

open waters compared to bays), further complicates cross-

species exposure patterns. This heterogeneity in exposure

sources and mechanisms contributes to the observed in-

consistency in MPs burden among marine organisms even

within the same geographic area (dos Santos et al., 2025).

4. Conclusions
The results of this study support previous findings regard-

ing the vertical and latitudinal distribution of marine MPs

in the Baltic Sea, while providing new insights under un-

usual stormy conditions. Specifically, the particle size dis-

tribution and abundance observed during the February

2022 cruise are consistent with data reported in the lit-

erature for the same area. At the same time, latitudinal

and vertical features highlight important differences rela-

tive to existing knowledge in the Baltic Sea area, showing

an elevated concentration of small-aged MPs, particularly

in deep waters, suggesting fragmentation through phys-

ical, chemical, and biological degradation. A connection

between fragmentation, sedimentation, and resuspension

emerges in the findings reported in the present work, to-

gether with wave-induced turbulence that can resuspend

sediment-associated MPs into the water column.

Therefore, the present study provides new insights into

the vertical structuring of marine MPs within the water

column, particularly the accumulation of small fibres in

deeper layers, which is related to the aforementioned pro-

cesses.

This evidencepoints to the role of stronghydrodynamic

conditions – such as storms – in disturbing bottom sed-

iments in the shallow Baltic basin. The resuspension of

settled MPs likely increases their residence time in the

water column, potentially enhancing ecological exposure

and transport. To confirm this mechanism, future studies

should focus on analysing MPs in surficial sediments and

comparing their concentrations and size distributionswith

those in deep-water samples. Such investigations could

reinforce the hypothesis that sediment disturbance plays

a key role in MPs’ dynamics in shallow marine systems

such as the Baltic Sea.

Additionally, the observed bimodal width distribution

of particles raises new questions about the fragmentation

forces acting on MPs, warranting further research into the

physical and mechanical processes that influence particle

morphology.

Findings related to particle type and colour underscore

the importance of riverine inputs and local anthropogenic

activities in shaping MPs pollution in the Baltic Sea. The

high prevalence of transparent fibres, often linked to fish-

ing gear and nets, along with a greater abundance of fibres

over fragments, suggests an important contribution from
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textile sources, particularly via wastewater effluents origi-

nating fromdomestic laundering and industrial discharges

throughout the drainage basin.

The analysis of polymer composition revealed some

expected trends, such as denser polymers beingmore com-

mon in deeper samples in areas protected from the storms,

and mixing in highly perturbed hydrodynamic conditions.

In conclusion, this study corroborates previous find-

ings (e.g. from the 2019 research cruise) and extends

current understanding of marine MPs vertical distribu-

tion in the Baltic Sea. The data suggest complex inter-

actions between physical oceanographic processes and

MPs transport, particularly involving sedimentation and

resuspension dynamics. Overall, the results emphasise

the need for continued, high-resolution monitoring and

process-oriented studies to fully understand the fate and

impacts of MPs in semi-enclosed, shallow seas like the

Baltic. These findings also highlight the importance of

incorporating storm-event sampling, sediment MPs map-

ping, and process-based transport modelling into future

Baltic Sea monitoring frameworks in order to better cap-

ture episodic redistribution processes and improve re-

gional assessment of MPs.
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