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Microplastics (MPs) are a significant environmental concern due to their abundance,
widespread occurrence, slow degradation rate, and toxicity. Although MPs have
been found in various environments and organisms (including humans), few studies
have investigated their historical accumulation in marine settings. Here we present
the first chronological accumulation of MPs in Baltic Sea sediments over time. The
high sediment accumulation rates (ca. 1 cm yr™) and anoxic bottom conditions in
the study area allowed for an exceptionally well-preserved record of MPs in
sediment over the last 50 years. Despite potential biases and limitations
associated with the methodologies (e.g., visual identification), our results suggest
that MP accumulation began in the 1970s-1980s and has continued to increase
until present-day, with up to 4450 particles per kg of dry sediment. The temporal
distribution of MPs in sediment is consistent with local population growth in
catchment areas and global plastic production rates, highlighting the impact of
human activities on MP pollution in the region.
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1 Introduction

The production and use of synthetic materials, including plastics, have accompanied the
development of modern society. Unfortunately, this has resulted in pollution of the
environment, and concerns have arisen about the potential contamination of natural
habitats, wildlife, and humans with microplastics (MPs) (Thompson et al., 2009). MPs
commonly refer to plastic particles that are 1- 5000 pm in size (Thompson, 2015). The
severity of MP pollution in the environment, particularly in the oceans, is exacerbated by the
vast amounts of manufactured plastic materials, poor management of plastic waste, and
limited technologies available for collection and cleanup (Geyer et al., 2017; Hahladakis,
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2020; Watt et al., 2021). Estimates suggest that the total volume of
plastic waste generated worldwide until 2015 is a staggering 6.3
billion metric tons (Mt) (Geyer et al, 2017). The annual waste
generation increased by more than two-fold from 2000 to 2019 (i.e.,
156 Mt to 353 Mt) (Organisation de cooperation et de
developpement economiques, 2022). During the same time period,
the amount of floating plastic debris in the oceans - primarily MPs -
increased even more dramatically, from 0.37 - 0.49 million Mt in
2000 to 1.1 - 4.9 million Mt in 2019 (Eriksen et al., 2023).

Given its semi-enclosed nature, limited water exchange, and
long-term environmental monitoring, the Baltic Sea provides a
unique setting for studying the historical accumulation of MPs.
The Baltic Sea is one of the largest brackish water bodies in the
world, with a surface area of 374,000 km?, a volume of 21,580 km?,
and average and maximum depths of 60 and 459 meters,
respectively (Voipio, 1981). The Baltic Sea and the North Sea
have very limited water exchange, occurring through the Danish
strait between Sweden and Denmark (Andersen et al., 2010), and
resulting in a water exchange time for the entire Baltic Sea of about
25-30 years (Lundberg et al., 2009). Due to this limited water
exchange, the Baltic Sea is a semi-enclosed, shallow-water, micro-
tidal environment with high anthropogenic pressure from densely
populated catchment areas (Borg and Jonsson, 1996; Helcom, 2018;
Reusch et al., 2018). These characteristics may facilitate the
deposition and accumulation of MPs (Haseler et al., 2020).
Moreover, the Baltic Sea has experienced an early history of
multistressor disturbance and ecosystem deterioration, along with
long-term scientific monitoring and cross-border environmental
management (Reusch et al, 2018). Because of these unique
characteristics, the Baltic Sea has been considered a “time-
machine” and, therefore, an analog for the future coastal ocean
(Reusch et al., 2018).

MPs can exert detrimental impacts on marine biota (Anbumani
and Kakkar, 2018), with examples including fibrosis of stomach
tissues in seabirds (Charlton-Howard et al., 2023), oxidative stress
responses in sea cucumbers (Lombardo et al., 2022) and decreased
reproduction performances in crabs (Horn et al, 2020). The
toxicological effects can be further exacerbated by additive
chemicals used in plastic production, including plasticizers, flame
retardants, and photostabilizers (Campanale et al., 2020; Do et al.,
2022). Studies of potential environmental and health effects related
to exposure to MPs are, however, complicated by variations in
particle size, shape, color, and chemical composition, all of which
affect their uptake in biota and associated toxicity (Hidalgo-Ruz
et al.,, 2012; Kershaw, 2015; Frias et al., 2018; Bhagat et al., 2020).
Beyond ecological concerns, recent research has highlighted the
presence of MPs in human tissues, including the placenta (Ragusa
etal, 2021), lungs (Amato-Lourenco et al., 2021), and blood (Leslie
et al,, 2022), raising questions about potential health risks. These
findings suggest that MPs can enter the human body through
ingestion, inhalation, and possibly dermal exposure, although the
full extent of their toxicological effects remains unclear and
warrants further investigation (Vethaak and Legler, 2021). The
physicochemical properties of MPs also play a crucial role in their
initial distribution in the marine environment (Li et al., 2023). This
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distribution is further influenced by factors such as the distance
from the source, weather conditions (e.g., rainfall, snowmelt, wind),
ocean currents and gyres, river discharge and drift, biofouling and
various physical and biological processes, as well as human activities
(Cole et al., 2011; Eriksen et al., 2014; Frere et al., 2017; Booth and
Serensen, 2020; Ory et al.,, 2020).

Since marine sediments are believed to be the major sink for
plastic and MPs in aquatic environments (Woodall et al., 2014;
Martin et al., 2022), they are a key medium for studying how these
particles accumulate in the environment. Additionally, sediment
cores are considered more reliable for MP inventories than water
samples, as the former may record MP accumulation over time,
while the latter provide only a momentary view (Tekman et al,
2020; Uddin et al.,, 2021). While most studies on MPs in sediments
focus only on recently deposited surface layers, recent studies
(Martin et al., 2020; Belivermis et al., 2021) have highlighted the
chronological accumulation of MPs in marine sediments, and there
are studies (Torres and De-la-Torre, 2021; Uddin et al., 2021) that
have attempted to establish chronological trends in MP abundance
by using sediment cores as historical archives. Plastic is considered a
good stratigraphic indicator of the Anthropocene due to its
generally good preservation potential within sedimentary strata,
comparable to that of recalcitrant organic fossils (Zalasiewicz et al.,
2016). In particular, marine sediments in areas with high
sedimentation rates (e.g., ca. 1 cm yr'') provide a valuable
opportunity to study the accumulation of MP over past decades
(Sabdono et al., 2022). However, since the temporal distribution of
MPs in sedimentary records may not always be preserved
(Dimante-Deimantovica et al., 2024), anoxic bottom water
conditions that suppress bioturbation and vertical mixing of MP
in the upper sediment layers are also beneficial (Brandon et al.,
2019; Torres and De-la-Torre, 2021).

The Baltic Sea has been extensively investigated in terms of
climate, physics, chemistry, biology, and responses to climate
change (Feistel et al., 2008). However, only a few studies (Lenz
et al., 2016; Gewert et al., 2017; Rothiusler et al., 2019; Zobkov et al.,
2019) have investigated MP abundance, and some articles (Graca
et al., 2017; Zobkov and Esiukova, 2017; Esiukova et al., 2020;
Schernewski et al., 2020; Kaiser et al., 2023) have reported on the
distribution of MPs in Baltic Sea seafloor sediment. Thus, despite
recent progress (Uddin et al., 2021) in understanding MP pollution
in sediment profiles, limited studies have been carried out in the
Baltic Sea. To the best of our knowledge, this study is the first to
provide clear evidence of chronological MP accumulation in the
sediment of this region. It indicates the starting years of
contamination and lays the groundwork for future research.

2 Methods
2.1 Study area and fieldwork
This study is based on analyses of two sediment cores collected

during an offshore sampling campaign operated by the Swedish
Geological Survey in 2020 (campaign MOS20). The two cores were
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collected at two stations included in the Swedish National
Environmental Monitoring Program, in the central Baltic Sea:
station SE-05 (N 58° 58’ 38.16", E 20° 18’ 25.42"', northern Baltic
Proper, water depth: ca. 175 m, Figure 1) and station SE-08 (N 58°
40" 41.25", E 18° 21’ 24.45"", western Gotland Basin, water depth: ca.
404 m; Figure 1). Station SE-08 is situated closer to the coastline and
the Swedish capital of Stockholm, 34 km from the coastline and
72 km from the Stockholm city center. Station SE-05 is located in the
middle of the open sea, approximately 110 km, 167 km, and 100 km
from the Swedish, Finnish, and Estonian coasts, respectively. Both
stations are situated in areas with high sediment accumulation rates
(1.03 cm yr'l) and anoxic bottom water conditions (Josefsson, 2022;
Ketzer et al., 2024).

A GEMAX-type twin gravity corer equipped with two
transparent acrylic liners (70 cm in length, 9 cm in inner
diameter) was used for sediment core collection. Parallel cores
were collected from each site to enable both sedimentological
characterization and geochemical analyses. Previously published
work on the cores reported that there were no signs of bioturbation,
with the sediment comprising black to dark brown, massive to

10.3389/fmars.2025.1630780

laminated mud, and no visible marine fauna (Ketzer et al., 2024).
The cores used for MP analyses from stations SE-05 and SE-08
measured 62 cm and 60 cm in length, respectively. They were sliced
by a clean metal blade at two-centimeter intervals, resulting in a
total of 31 and 30 samples. All samples were immediately frozen at
-20 °C after slicing.

2.2 Microplastic extraction and
examination

The methods used to investigate MP abundance in this study
were modified from the NOAA guideline (Masura et al., 2015), with
reference to the standardized protocol (Frias et al., 2018) from JPI-
Oceans (Joint Programming Initiative Healthy and Productive Seas
and Oceans). Upon receiving the 2 cm thick (15 + 11 g-DW) pre-
sliced frozen sediment samples, a series of laboratory steps were
performed, including sample drying, H,O, treatment, sieving,
density separation, centrifugation, filtration and microscopic
examinations. The samples were dried in a 90 °C oven for 24-48
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FIGURE 1

Map showing the locations of the study cores: Swedish National Environmental Monitoring Program station SE-05 and SE-08. (Image derived from

data provided by the HELCOM map and data service).
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hours until a constant weight was achieved. To remove organic
matter, each sample was slowly mixed with 100 mL of 10% H,O,
and left for 24 hours. The mixture was then passed through a
stainless steel sieve (mesh size: 20 pum), and both the beaker and
sieve were thoroughly rinsed with distilled water to ensure complete
transfer of residual solids. This sieving step also served as a
preliminary filtration to remove particles smaller than 20 pm,
thereby reducing the total solid mass and minimizing interference
in subsequent separation and analysis steps.

Density separation was carried out by adding saturated NaCl
solution (density: 1.2 g/cm?) at a volume at least three times that of
the residual solids, allowing MPs to float in the supernatant.
Centrifugation of the supernatant at 4300 rpm for 5-10 minutes
(Tang et al., 2020; Grause et al., 2021; Xu et al., 2021) was used to
enhance separation and obtain a cleaner fraction for subsequent
filtration and analysis. The supernatant was filtered using Munktell
glass fiber filters (pore size: 8 - 12 um), and the retained MPs were
examined under a stereomicroscope (Olympus SZX10) and a
compound microscope (Olympus BX50). MPs were identified and
described based on color, size, and shape. Following the JPI-Oceans
protocol (Frias et al., 2018), MPs were classified into two categories:
(1) fibers — long, thread-like particles (also referred to as filaments),
and (2) fragments - irregularly shaped, broken-off pieces. Film
particles (thin, flat, and sheet-like) were included in the
fragment category.

2.2.1 Quality assurance and quality control

To avoid contamination, most of the laboratory procedures were
conducted in a fume hood, and the samples were protected by
aluminum foil, petri dishes or metal lids. To prevent airborne MP
contamination during microscopic analysis, the glass fiber filters
containing MPs were sealed with clean, transparent tape that had
been pre-checked under the microscope. Glass or metal tools were
preferred, although white rubber gloves and transparent plastic
centrifuge tubes were utilized during operation. The lab coats were
white and made of cotton. The density separation solution was filtered
through a glass fiber filter prior to use. Two procedural blanks were
included throughout the laboratory procedure; each contained 5
suspected plastic particles, all of which were fibrous in shape.

2.3 Analytical methodology limitations

Many recent studies (Pervez and Wang, 2022; Khan et al., 2023;
Izlal et al., 2024; Souza et al., 2024) have employed the same or similar
analytical methods as those used in the present study to determine the
MP abundance in the environment, due to considerations such as cost-
effectiveness and limited access to advanced equipment. However, this
methodology carries certain limitations that may affect the
interpretation of the results and should thus be taken into account.

First, visual identification of MPs under a stereomicroscope can
introduce both overestimation and underestimation. For instance,
natural fibers, such as cotton and wool, may be misidentified as
MPs, inflating the counts (Xu et al, 2021). On the other hand,
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smaller MPs, which are difficult to detect visually, may lead to
underreported abundances. Advanced techniques, such as Fourier-
transform infrared spectroscopy (FTIR), Laser Direct Infrared
(LDIR) and Pyrolysis Gas Chromatography-Mass Spectrometry
(py-GCMS), provide greater precision in quantifying MP
abundance and determining their chemical composition (Dehaut
et al, 2020; Cheng et al., 2022; Uaciquete et al., 2024). In some
studies (Uaciquete et al., 2024; Villanova-Solano et al., 2024;
Watson and Turner, 2024), this issue is addressed by referring to
particles identified under the microscope solely as ‘anthropogenic
particles’ unless they are validated as plastics. Furthermore, as
mentioned earlier, transparent and white materials were used in
the experiment. The white glass fiber filter, used as a surface for
depositing the plastic particles before microscope examination,
makes it difficult to identify anthropogenic particles of similar
color. The proportion of white or transparent anthropogenic
particles varies significantly across sampling locations (Sui et al.,
2020; Sayed et al, 2021). Consequently, this study may exhibit
significant bias related to the detection of such particles, and the
variability in color distribution across sites further complicates
efforts to assess their significance.

Another limitation is the reliance on density separation using a
saturated NaCl solution. While a cost-effective method commonly
adopted in previous studies (Van Cauwenberghe et al., 2015; Harris,
2020), this approach can only extract MPs with a density below
1.2 g/em’, potentially overlooking denser polymers. Nevertheless, it
effectively extracts the most common polymers found in the
environment, such as polypropylene (PP), polystyrene (PS), and
polyethylene (PE) (Frias et al., 2018; Phuong et al., 2021; Li et al,,
2023). A previous study (Esiukova et al., 2020) conducted in Baltic
Proper (same as our two study sites) sediments found that 70.3% of
identified MPs had densities below 1.2 g/cm”.

2.4 Data analysis

2.4.1 Microplastic concentration

The number of MPs in each sample was calculated by
subtracting the number of MPs detected in the procedural blanks
(5 pes/sample), from the number of particles identified in the
microscope analysis, with negative values considered to be zero
(Uurasjarvi et al., 2021; Viet Dung et al., 2021).

2.4.2 Chronological accumulation and prediction
of microplastics contamination

The sediment cores analyzed in this study consist of laminated,
fine-grained mud with no visible signs of bioturbation, indicating
well-preserved stratigraphy and chronological integrity. Anoxic
bottom water conditions at both sampling sites further suppress
vertical mixing and biological disturbance, minimizing post-
depositional alteration. In addition, the relatively high
sedimentation rate (~1 cm yr'l) reduces the influence of short-
term hydrodynamic variability, supporting the preservation of
temporal signals in the sediment profile.
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Based on these favorable depositional conditions, we adopted a
constant sedimentation rate model to reconstruct the chronological
accumulation of MPs. This approach is consistent with a previous
study (Shahabi-Ghahfarokhi et al., 2021a) conducted at the same
locations, including investigations of metal contamination, which
similarly assumed a constant sedimentation rate for
temporal interpretation.

The sedimentation rates for both sampling locations have been
determined with radiometric dating techniques (Olszewski et al.,
2018) by the Swedish Radiation Safety Authority, and reported as
1.03 cm yr'1 for both SE-05 and SE-08 (Josefsson, 2022) based on
19Pb measurements. Further support for the approach comes from
the study (Olszewski et al., 2018) with six sediment cores across the
Baltic Sea using multiple radionuclides (210Pb, 137¢g, 239 + 240py
and ***Pu/** * 2*%py). The study found consistent sedimentation
rates across these radionuclides at each station, with overlapping
standard deviations. For example, at Station 6 (Northern Baltic
Proper), sedimentation rates ranged from 0.66 to 0.88 cm yr'
depending on the radionuclide used, with *'°Pb estimates reported
as 0.88 + 0.09 cm yr™".

An estimated age for each 2-cm sediment sample was reached
by calculating backward from the year of sampling (2020). The
relationship between MP concentration (pcs kg-DW™) and
depositing year was visualized by fitting the data into exponential
curves, according to principles outlined in more detail by other
studies (Brandon et al., 2019; Martin et al., 2020). The year 1950 was
set as the starting point of the x-axis because there was little plastic
production before this year (Geyer et al, 2017). The generic
exponential equation, here used to describe the relationship
between the MP concentration (y) and the year of deposition
since 1950 (t), says that:

y:Aeht+C

where b is the relative growth rate (Hoffmann and Poorter,
2002) of the exponential curve, and A+C indicates the intersection
between the Y-axis and the exponential curve. The best fitted
exponential curve equations based on ordinary least squares were
also used to estimate the potential MP concentration in 2030.

2.4.3 Exploration of influencing factors

The distribution of MPs in sediment can be driven by different
factors, and previous studies have compared trends in aquatic
sediment MP concentrations to global plastic production
(Brandon et al., 2019; Martin et al., 2020) or population density
(Nel et al., 2017; Jorquera et al., 2022). In this study too, the trends
(exponential curves) were compared with the historical data on 1)
global plastic production, 2) accumulative global plastic production,
3) Swedish population and 4) Stockholm County population
(closest county to the sampling locations). The data of global
plastic production is from the research study by Geyer, R., et al
(Geyer et al., 2017), while the data on the Swedish and Stockholm
county populations is retrieved from Statistics Sweden
(www.scb.se). The best fitting curves are constructed with the
same method as those described above for the MP concentration.
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A Generalized Additive Model (GAM) was used to further
explore which of these four factors could better explain the MP
concentration distribution in the samples. GAM analysis has been
used in several studies (Kanhai et al, 2017; Liu et al.,, 2021;
Meyerjirgens et al.,, 2022) to determine the influencing factors for
MP distribution. The connection between explanatory factors and
response variables is described by smooth functions in GAMs, a
non-parametric variation of generalized linear models (GLM)
(Meyerjiirgens et al., 2022). The response variables were MP
concentrations at SE-05 and SE-08, respectively. GAM was
performed with single explanatory variables each time because the
plastic production and population growth can be correlated. The
mgcv package was adopted for the GAM in R (version 4.2.1). The
datasheet used here can be found in the Supplementary Data 1
together with the data description (Shapiro-Wilk test for normality
as well as Spearman rank correlation). The values used for
exponential curve fitting and GAM analysis can be found in the
Supplementary Data 1, together with the R-script and
corresponding effective degrees of freedom (edf), k-index,
Generalized Cross-Validation (GCV) scores, and Akaike
Information Criterion (AIC) values for each model.

3 Results and discussion

3.1 Characterization of microplastics in the
study cores

Out of the plastic particles retrieved from the studied cores, 99%
were of MP size (<5 mm). Most of the plastic particles (ca. 70% for
SE-05 and 67% for SE-08) are smaller than 1mm (Figure 2),
concurring with results found in other studies dealing with MPs
in sediments (Fok et al., 2017; Wang et al., 2020; Li et al., 2021). The
high abundance of smaller MPs is commonly attributed to
secondary MPs caused by the fragmentation of MPs into smaller
pieces in the environment (Auta et al, 2017). Additionally, the
smaller-sized MPs may selectively sink to the seafloor via biofouling
due to high surface to volume ratio (Kaiser et al., 2017).

The color of the analyzed MP varies significantly, encompassing
blue, black, white, red, brown, green, yellow, translucent, purple,
and orange (Figure 3). The most frequent colors are blue (67% of all
samples, 76% of SE-05 samples, and 62% of SE-08 samples), and
black (12% of all MPs, 9% of SE-05 samples, and 13% of SE-08
samples). Blue MPs are the most prevalent in both sediment cores
of this study, which is in accordance with some (Stolte et al., 2015;
Zheng et al,, 2019; Zhou et al,, 2021) but not with all previous
studies (Jiang et al., 2018; Yaranal et al., 2021; Chubarenko et al.,
2022). Plastic products used in household life or industry come in a
variety of colors. Colors of plastic may play an important role in the
plastic photoaging, and bluish plastics have been found to break
down more easily than plastics in other colors (brown, red, orange,
yellow, green, and purple) due to higher light energy transmitted to
the blue plastic (Zhao et al., 2022). This observation explains the
phenomenon that small-sized plastics in environment are
commonly blue (Zhao et al., 2022).
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FIGURE 2

Size distribution of plastic pieces at SE-05 and SE-08. Smaller pieces are more abundant in the samples from both sampling sites.

Regarding the shape of the MP particles, it was found that fiber is
the dominant form in both study sites (87% of SE-05’s samples and
89% of SE-08’s samples, shown in Figure 3). This finding is
consistent with previous research in Baltic Sea sediments
(Chubarenko et al., 2022; Zhou et al,, 2021), and from other
locations (Willis et al., 2017; Kooi and Koelmans, 2019) too.
Microfibers have been reported as a major source of the MPs
found in oceans, with domestic laundering being recognized as a
major contributor (Singh et al., 2020). In just one wash, for instance,
a single garment can produce more than 1900 microfibers (Browne
et al,, 2011), and it is estimated that 100-600 quadrillion pieces of
microfibers are released from the washing of clothing in Europe
every year (Hann et al, 2018). Once fibers are released into the

1-15 1.5-2 2-25 253 3-35
Plastic length (mm)

I SE-05

SE-08

| |

354 445 455 >5

environment, they tend to experience biofouling and increase
settling velocity, resulting in sinking and deposition on the seafloor
(Elizalde-Velazquez and Gomez-Olivan, 2021). The deep sea is
statistically proven to be the ultimate terminus for synthetic fibers,
implied by a set of data that spans from the coastal zone to central
bottom depressions in the Baltic Sea (Chubarenko et al., 2022).

In Sweden, textile laundering has been identified as a major
contributor to MP fiber emissions (Swedish Environmental
Protection Agency, 2021). A study (Magnusson et al., 2016) of
three Swedish wastewater treatment plants found that influent
water can contain over 20,000 MP fibers per cubic meter.
Although most fibers are retained during treatment, effluent still
contains between 150 and 3,300 fibers per cubic meter. Wastewater
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FIGURE 3

The microplastic (MP) distribution by color and shape. MP counts by color from all samples (a), SE-05 samples (b) and SE-08 samples (c). MP counts
by shape from all samples (d), SE-05 samples (e) and SE-08 samples (f). The labels show color or shape, count and percentage.
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treatment plants, while generally effective, may still serve as
pathways for microfibers into the marine environment
(Magnusson et al., 2016). Given the dense network of wastewater
treatment facilities along the Baltic Sea coast (Schernewski et al.,
2021), especially in the Stockholm region, it is plausible that urban
effluents contribute significantly to the fiber-rich MP profiles
observed in our sediment cores, particularly at SE-08.

10.3389/fmars.2025.1630780

The raw MP counts can be found in the Supplementary Data 1.
No clear correlation was found between the depth and size, color or
shape of plastic particles. They are very diverse, and a selection of
MPs is shown in Figure 4 to illustrate the variety of colors
and morphologies.

While visual identification under a microscope provided
valuable insights into the size, color, and shape of MP particles, it
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Images of selected microplastic (MP) specimens observed under the microscope. The various morphologies and colors of MPs in the analyzed
sediment are depicted. Each image includes annotations indicating the color, shape, magnification, blank/sample, and depth of observation.
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is inherently limited in confirming polymer composition. To
strengthen the reliability of MP identification, future studies could
incorporate polymer characterization techniques, such as FTIR
spectroscopy, on a subset of visually identified particles. This
would reduce uncertainty in visual identification and offer a
deeper understanding of polymer types and their
environmental behavior.

3.2 Historical accumulation of
microplastics in Baltic Sea sediments

In this study, SE-08 exhibited higher levels of MP
contamination than SE-05. Considering both of the study sites are
with similar sedimentation rates and characterized by fine-grained
sediments and high organic matter content (Josefsson, 2022), one
plausible explanation is the location of the sampling sites: SE-08 is
closer to the shoreline and to Stockholm, whereas SE-05 is situated
in the middle of the open sea (Figure 1). In addition, a major surface
current passes over SE-08, transporting water from the Stockholm
coastal area and potentially carrying plastic particles from urban
sources (Karimova and Gade, 2016). Additional factors, such as the
influence of bottom currents or shipping activities, may also
contribute to the observed variations. However, due to practical
constraints, these factors could not be thoroughly investigated in
this study. Furthermore, analyzing additional sediment cores would
be necessary to draw more robust conclusions about large-scale
deposition patterns. Despite these limitations, the findings of this
study provide valuable preliminary insights into the historical
deposition of MPs in the central Baltic Sea.

In the study area, MPs were found at maximum burial depths of
33 cm in core SE-05 and 47 cm in core SE-08. The MPs found in the
samples below those depths are considered to come from the
operation (see Methods). The concentration of MP particles
increases towards the seafloor (Figure 5; Supplementary Data 1),
from zero to more than 2000 and 4000 pcs kg-DW ™" of sediment at
the top 2 cm in cores SE-05 and SE-08, respectively, revealing
their progressive accumulation over time. With a sediment
accumulation rate of 1.03 cm yr’l, we assess that the base of the
cores was deposited in the early 1960s, and that the MP
accumulation started ca. 1974 in the western Gotland Basin (SE-
08), ca. 1988 in the northern Baltic Proper (SE-05), and peaked at
present-day in both sites (Figure 5). However, due to natural
variability in sedimentation rates and potential sediment
dynamics, the estimated onset of MP accumulation should be
interpreted with caution. This trend is different from the observed
for metal pollutants in the Baltic Sea in the same study locations,
where Cd, Pb, and Zn concentrations peak in the 1980s and
decrease till present-day owing to efforts to control emissions of
those pollutants in the region (Shahabi-Ghahfarokhi et al., 2021b).
This result supports the potential of MPs as stratigraphic markers in
sediment profiles (Bancone et al., 2020).

The best fitting curves of MP concentrations (pcs kg-DW™)
with depth for both SE-05 and SE-08 are shown in Figure 6a. To
account for the potential influence of human activities on MP
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pollution in our study area, the Swedish population was
incorporated as a factor in our analysis instead of the total
population of the Baltic Sea region. This is attributable to the fact
that the total population of the entire Baltic Sea region grew at a
relatively low rate of just 1.2% between 1990 and 2018 (ESPON,
2019), whereas the populations of Sweden and Stockholm increased
by 19.1% and 42.8%, respectively, during the same period. This
suggests that any increases in MP abundance, if linked to
population size changes, are more likely to be associated with
demographic shifts in Sweden rather than in the broader Baltic
Sea region.

All models used in the GAM analysis have k-index values
greater than 1, indicating that the number of basis functions
chosen is appropriate and there is no significant risk of
overfitting. The GCV scores and edf values are also within
reasonable ranges, further supporting the stability and reliability
of the models (Supplementary Data 1). GAM plots (Figures 6b, c)
further explain the variance of MP concentration distribution in the
samples through splines of MP concentrations to each explanatory
variable at both SE-05 (Figure 6b) and SE-08 (Figure 6¢) according
to the Generalized Additive Model (Kanhai et al., 2017; Liu et al.,
2021; Meyerjiirgens et al, 2022) (GAM, smooth functions; see
Methods). The populations of both Sweden and Stockholm have
stronger capacities to explain the variance of MP concentration
than global plastic production and cumulative plastic production,
contributing more to the variance in MP concentration at both
sampling sites. Specifically, the deviance explained by the
population of Sweden is 75.6% (p < 0.001) at SE-05 and 79% at
SE-08 (p < 0.001). For the Stockholm population, the deviance
explained is 74.9% at SE-05 (p < 0.001) and 83.9% at SE-08 (p <
0.001). In contrast, the deviance explained by global plastic
production is much lower or unsignificant, at 22.4% at SE-05 (p >
0.05) and 14.3% at SE-08 (p < 0.005). Similarly, camulative plastic
production explains 23.4% of the deviance at SE-05 (p > 0.05) and
66.5% at SE-08 (p > 0.05).

Some studies have reported similar exponential patterns of
increasing MP concentrations towards the surface layers of
sediment profiles, for example, in the Kuwait Bay (Uddin et al,
2021), the Sakurada-bori Moat in Japan (Matsuguma et al., 2017),
the Gulf of Thailand (Matsuguma et al., 2017), the Santa Barbara
Basin in California (Brandon et al., 2019), and the Jiaozhou Bay in
China (Zheng et al., 2020). Previously, the higher MP concentration
in near-seafloor, present-day sediments has been correlated with the
historical increase in plastic production (Brandon et al, 2019;
Martin et al,, 2020). Data from both Kuwait Bay (Uddin et al,
2021), Santa Barbara Basin in California (Brandon et al., 2019) as
well as South China Sea (Chen et al., 2020) indicate that MPs started
accumulating at these sites during the 1970s-1980s, which is
roughly the same time as this study in the central Baltic Sea.
Although plastic production began around 1950, it was not until
the 1980s that global production started to accelerate (Geyer et al.,
2017). Furthermore, synthetic fibers have been identified as a
significant source of MPs in the ocean (Boucher and Friot, 2017),
and the demand for synthetic fibers began to rise rapidly from 1970
onwards, eventually surpassing that of natural fibers by 2000 (Mills,
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FIGURE 5

Number of microplastic (MP) particles per kilogram of sediment dry weight in the study cores SE-05 (northern Baltic Proper) and SE-08 (western
Gotland Basin). The depth was converted to depositional year using a sediment accumulation rate of 1.03cm yr™%, which was obtained via
radiometric dating of sediments in both locations (Josefsson, 2022) (SE-05 and SE-08). The green and blue arrows mark the approximate years in

which MP started to accumulate in the two study cores.

2011). Our findings on the historical MP accumulation in Baltic Sea
sediments are strongly consistent with the development of the
synthetic fiber market, with MPs first appearing in the Baltic Sea
sediment in the mid-1970s (SE-08) and late 1980s (SE-05), and
concentrations beginning to increase significantly during the
2000s-2010s.

There are also several publications (Nel et al., 2017; Brandon
et al, 2019; Jorquera et al, 2022) which demonstrate how MP
accumulation trends in sea sediments correlate with increased
population densities. For example, the study in the Santa Barbara
Basin (Brandon et al., 2019) points to a close relationship between
the increase in coastal population and plastic accumulation in sea
sediments. Similarly, in our study, the Stockholm County
population contributes to the variance of MP concentration to a
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large extent (75% at SE-05, 84% at SE-08; Figures 6b, 6¢). Numerical
modelling work corroborates our findings by indicating that local
onshore sources are important for the MP accumulation in the deep
Baltic Sea. A recent study found, for instance, that different types of
MPs, notably from tire wear and some specific household MPs
derived from effluents of wastewater treatment plants, can
efficiently be transported from coastal to offshore areas and reach
the bottom of deep Baltic Sea basins (Murawski et al., 2022).
Based on the fitting equations of both study sites (Figure 6a), we
estimated the future MP concentration in the surface sediments
(Methods). It assumes that i) there will be no effective prevention or
treatment measures induced in plastic management and
production, ii) that the population growth will continue along the
present-day trend, and iii) that the sedimentation rate will be the
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same. By 2030, for instance, the MP accumulation in the top 2 cm
are projected to reach up to 9930 pcs kg-DW ™ at SE-05 (northern
Baltic Proper) and an alarming 72,924 pcs kg-DW™' at SE-08
(western Gotland Basin). Station SE-05, even located in the
middle of the open sea, will eventually reach present-day
contamination levels of one heavily polluted beach site in the
South China Sea (Qiu et al., 2015). The prediction serves as a
warning to society and provides a compelling rationale for
increasing policy efforts to control MP discharge and to support
more scientific research in this area.

3.3 Present-day seafloor occurrence of
microplastics in Baltic Sea sediments

To assess the present-day level of MP abundance, we compared
the concentration observed in the top 2 cm of our two cores with
findings from other publications from the Baltic Sea area and other
marine environments, as shown in Figure 7 (more details are
included in Supplementary Data 1). While we primarily focused
on studies involving sediments less than 3 cm in depth, we also
included some publications reporting MPs in deeper sediments,
owing to the lack of relevant data from certain regions, such as
the Baltic Sea region (Chubarenko et al., 2022) (covering depths of
2-7 cm) and Arctic Ocean (top 5 cm) (Bergmann et al, 2017;
Tekman et al,, 2020; Fang et al., 2022). It is important to note that
various factors may contribute to differences in MP concentrations
reported across studies. Differences in sampling strategies, analytical
methods, and sediment depths can significantly influence the results.
Additionally, the sampling times of the comparative studies differ,
spanning from 2012 to 2020, which may also limit the interpretation
of the comparison.

The MP abundance level in our near-seafloor sediment cores
(2143 pcs kg-DW™' at SE-05 and 4450 pcs kg-DW™' at SE-08) is
comparable in magnitude to the MP concentrations identified in
most other studies from the Baltic Sea, as illustrated in the left-hand
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side of Figure 7. The variability between individual studies and
samples is large, though. For instance, one study (Chubarenko et al.,
2022) that examined 53 samples of the upper 2-7 cm sediment from
the Gotland, Gdansk, and Bornholm Basins in 2015 - 2016, showed
an average MP concentration of 863 + 1371 pcs kg-DW™', but with a
min-max span that covers 2 orders of magnitude; 103 - 10,179 pcs
kg-DW™'. The MP concentration in 37 out of the 53 samples was
between 100 and 1000 pcs kg-DW™', and 50 of the samples
contained below 2000 pcs kg-DW™'. Another study (Zhou et al.,
2021) that sampled the top 3 cm of sediment at 11 sampling stations
in 2019 across the whole Baltic Sea found an average MP
concentration of 800 pcs kg-DW™, ranging from 200 to 1500 pcs
kg-DW™. In a study (Strand et al., 2013) that examined the top 2 cm
sediments from 21 stations in the Danish waters of the Baltic and
North Seas during 2012 - 2013, highly variable MP concentrations
were reported, ranging from 60 to 3600 pcs kg-DW ™!, with no mean
value indicated. Most of the MP concentrations found (in 16 of the
21 stations) were below 500 pcs kg-DW ™. While some examples in
the literature suggest low MP accumulation in recent sediment
deposits in certain areas of the Baltic Sea, the lowest concentration
reported (15 + 10 pcs kg-DW™') comes from a study (Graca et al,,
2017) that analyzed sediments (top 2.5 cm) from four shallow and
two deep-water stations along the Polish coast of the Baltic Sea in
2014. The study revealed minimum and maximum values of 0 and
27 pes kg-DW™, respectively.

The right-hand part of Figure 7 shows data from other oceans
and seas worldwide, and it also points to a ubiquitous MP
abundance of today’s marine environment, but to various degrees
according to different studies. While the average number of MP
pieces found per kilogram of dry sediment is generally below ten
thousand, concentrations exceeding one hundred thousand have
been reported. The very high MP concentration, 20,5859 pcs kg-
DW', was found in the top 1 cm sediment from the urban fjord in
Norway in 2017 (Haave et al., 2019), with 24,953 pcs kg-DW™!
larger than 50 um. The study (Haave et al., 2019) on the Norwegian
Continental Shelf shows how the top 1 cm sediment of 35 cores
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contains MPs in the order of 4900 + 6200 pcs kg-DW™, ranging
from 180 - 31,000 pcs kg-DW™. Even in the studies (Bergmann
et al,, 2017; Tekman et al., 2020; Fang et al., 2022) in Arctic Ocean
during 2016 - 2020, MPs have accumulated in the upper 5 cm
sediments with concentrations ranging from 0 to 13,331 pcs kg-
DW'. Moreover, the MP concentrations comparison also shows
that the MP concentrations in the upper 2 cm of our samples are
comparable in magnitude in a wider geographical context.

4 Conclusion

Our study has unveiled, for the first time, that there is a
progressive increase in microplastic (MP) accumulation in
sediments of the central Baltic Sea. This accumulation became
particularly noticeable in the western Gotland Basin (SE-08) in

10.3389/fmars.2025.1630780

the mid-1970s and in the northern Baltic Proper (SE-05) in the late
1980s. The study further indicates that this accumulation has grown
exponentially up to present-day, with local population growth in
Stockholm County accounting for over 70% of the temporal
variance in MP concentration at the study sites. Importantly, our
study validates the method for monitoring the temporal
accumulation of MPs through sediment analysis. This method
provides a valuable tool for assessing the eftectiveness of future
measures aimed at controlling MP emissions in the marine
environment. In addition, chronological studies of this kind,
which track the accumulation of MPs from zero to present-day
levels, are crucial for conducting an accurate inventory of total MP
pollution in the marine environment.

To reduce MP emissions, tighter waste management and
improved wastewater treatment are recommended, with particular
attention to controlling microfiber release from laundry. In
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FIGURE 7

Comparison of microplastic (MP) concentrations in the near-seafloor sediment in Baltic Sea and other sea areas from the present study and previous
studies. The figure shows the mean or raw values of MP concentrations and/or the range. The Roman numbers beside the X-axis show the
reference of different studies as well as the sampling depth and sampling year. Source of the data: | from the present study, Il from Chubarenko, I.

et al (Chubarenko et al.,, 2022), Il from Zhou, Q., et al (Zhou et al., 2021), IV from Strand, J., et al (Strand et al., 2013), V from Graca, B., et al (Graca

et al, 2017), VI from Wang J., et al (Wang et al,, 2019), VII from Matsuguma, Y., et al (Matsuguma et al., 2017), VIII from Chen M., et al (Chen et al.,

Frontiers in Marine Science

2020), IX from Qiu, Q., et al (Qiu et al,, 2015), X from Naji A., et al (Naji et al., 2017), XI from Saha M., et al (Saha et al,, 2021), XIl from Haave, M., et al
(Haave et al., 2019), XIll from Measkeland, T., et al (Maskeland et al.,, 2018), XIV from Courtene-Jones, W., et al (Courtene-Jones et al., 2020), XV from
La Daana, KK, et al (La Daana et al., 2019), XVI from Bergmann, M., et al (Bergmann et al., 2017), XVII from Tekman M.B., et al (Tekman et al., 2020),
XVIII from Fang C., et al (Fang et al., 2022).The results of this study are marked in box with red frame and the dotted lines indicate the present study's
MP concentrations level at SE-05 and SE-08.
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addition, these sediment-based data can contribute to marine policy
frameworks such as the HELCOM monitoring guidelines and the
Marine Strategy Framework Directive (MSFD) by informing local
baseline assessments, identifying pollution hotspots, and guiding
monitoring strategies.
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