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Abstract

Purpose The sediment trap method allows measurements of vertical microplastic flux rate into sediments and provides com-
parable information of the spatial microplastic deposition rates. Such data are essential for comparison of the microplastic
pollution rates in different sedimentary systems and for future risk assessments.

Materials and methods We monitored microplastic fluxes using sediment traps in a boreal lake seasonally during 1 year.
The sites represent different level of exposure to anthropogenic activities, from construction work to the open water site.
Microplastic fluxes were compared to sediment characteristics (organic content) and sediment accumulation rates.

Results and discussion The highest annual microplastic deposition rate (2300 items m~2 year™!) was recorded at snow
disposal site, a location where the snow collected from the city streets during winter is transported. The lowest rate was
observed at the control site (660 items m~2 year™!) upstream from the city. Our results reveal the seasonal variation in micro-
plastic deposition rates. In general, the highest microplastic flux rates were measured during growing season, accompanied
with higher sedimentation rate. The low microplastic deposition rate during winter is likely explained by ice cover, frozen
soil, and snow cover in the catchment. In contrast, microplastic concentration was higher in winter samples due to ceased
sediment transport from catchment to lake. The sediment accumulation rate did not predict microplastic accumulation rate.
Conclusion Our data suggest seasonal variation in microplastic deposition rates. The microplastic flux rates compared to
their concentrations indicates that sites with high sedimentation rates can lead to underestimation of microplastic deposition
and hence hamper recognition of hot spots.

Keywords Microplastic flux - Microplastic concentration - Seasonal changes - Flux rate - Fresh water environment -
Sedimentation

1 Introduction

Microplastics (MPs) are acknowledged as emergent pollut-
ants that can potentially cause a serious risk for the environ-
ment, ecosystem functioning and human health. MPs are
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particles that have been either manufactured to small size
(<5 mm) or formed by degradation of plastic litter because
of UV radiation and physical abrasion. Although microbe-
ads in cosmetics are recently banned, more than 300 mil-
lion tons (Mt) of plastic is produced every year (Tiseo et al.
2021). While approximately only 9% of all produced plastic
is recycled and 12% incinerated, at least 7000 Mt of plastic
is estimated to be accumulated in the environment (Geyer
et al. 2017). Plastic litter fragments to micro- and nanoplas-
tics, which become incorporated in the natural cycles and
food chains, harming ecosystem functioning. MP pollu-
tion is persistent and pervasive, being found worldwide in
the deepest marine basins (Van Cauwenberghe et al. 2013;
Bergmann et al. 2017), the remote mountain lakes (Free
et al. 2014), glaciers (Stefansson et al. 2021; Zhang et al.
2021a), soils (Yang et al. 2021a), and animals including
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humans (Amato-Lourenco et al. 2021; Leslie et al. 2022).
While the production and processing of plastic materials are
continuing, the unintended leaking of plastics to the natural
systems is further cumulating. Even if production stopped
today, tons of plastic litter are already in the environment,
producing increasing amounts of MPs by degrading into
smaller fragments.

Recent research suggest severe ecological risks caused by
MPs, yet many of the studies testing the risks use microplas-
tic concentrations that are not found in natural environments
(Botterell et al. 2019; Koelmans et al. 2020). While the risky
concentrations for different species are being investigated,
the current concentrations in natural environments are not
fully known and are expected to increase with time. How-
ever, the rate of change in the MP concentrations in natural
environments has been poorly investigated. To be able to
predict future risk and estimate when the dangerous levels of
MP concentrations are exceeded, the current flux of micro-
plastics to the environment needs to be deciphered related
to sediment flux. The MP concentrations in surface sedi-
ments are controlled by the vertical flux of microplastics but
also the overall sedimentation rates. Hence, it is critical to
understand the rate of change in both variables (microplastic
accumulation rate and sediment accumulation rate) and their
relationships, which are expected to vary greatly depending
on location and sedimentary environment.

While a large part of all plastics is suggested to enter
the marine realm after being incorporated in the terrestrial
ecosystems and transported by the rivers and streams, the
freshwater systems could still be at greater risk. The deposi-
tion of MPs in the lacustrine sediments are already widely
recognized (Li et al. 2020; Yang et al. 2021b). However,
lacustrine environments close to human activities can expe-
rience huge loads of MPs compared to their surface area and
water volume (Saarni et al. 2021). Being sources for drink-
ing water and food, freshwater environments are very critical
in terms of water quality from many aspects, such as rec-
reational use, drinking water, food storage, and commercial
use. While the proximity for human activities lead to larger
input of MPs, and the sedimentation rates tend to be lower in
lake basins (Ojala et al. 2012) than in coastal marine systems
such as estuaries, bays and river deltas (Schimmelman et al.
2016; European Commission, open data) also subjected to
intensified human influence, the concentrations of MPs in
the surface sediments of lake systems can rise faster than
those in marine coastal systems.

Sequential sediment trapping with multiple trap approach
is a powerful tool to assess temporal changes in sediment
fluxes and sediment characteristics as well as local varia-
tions within the basin (Chu et al. 2005; Pospelova et al. 2018;
Salmela et al. 2022). The sediment trap approach has already
been shown to yield detailed information on local vertical
MP flux rates (Saarni et al. 2021). MPs are a heterogeneous

group of synthetic polymers, and their characteristics, such as
chemical composition, particle size, and shape, vary greatly.
The density variation of MPs is wide from below water den-
sity (e.g., polyethylene and polypropylene 0.9 g cm™) up
to densities close to minerogenic material (e.g., polytetra-
fluoroethylene 2.2 g cm ™). Density controls the fate of MPs
in water, and their routes into sediment deposits can be very
different. Additionally, particle shape can play a critical role
in MPs tendency to be transported and/or deposited in the
bottom sediments (Khatmullina and Isachenko 2017). Like
in the case of any particle in nature, size and density have
a large influence on MPs fate with respect to transport and
deposition, but also seasonal changes in climatic conditions
controls where and when the particle can be deposited or
further resuspended. While there is still little understanding
of seasonal controls of MP release and deposition, seasonal
sediment trap data can shed light on the release-transport-
accumulation path of MP particles.

In this study, we used multiple sediment trap approach to
investigate Lake Kallavesi surrounding the city of Kuopio
(population of approximately 118,000), Finland. The aim
was to measure vertical MP fluxes in regard of different
municipal activities to evaluate the sources and timing of
the transport of MPs from the catchment to the water body.
Furthermore, we measured vertical flux of microplastics
into the sediments, and local sedimentation rate accompa-
nied with sediment characteristics. Our results contribute
to understanding the way in which microplastic particles
become accumulated in lake sediments. The data enables
prediction of the future MP concentrations in the ecologi-
cally active surface sediments and provides an understanding
of how sedimentary environment may control the accumula-
tion of various MP materials.

2 Materials and methods
2.1 Studysite

Lake Kallavesi is a large brown water lake in central Finland
surrounding the city of Kuopio. The population of Kuopio
city is approximately 118,000. The lake has an area of 478
km?, maximum depth of 75 m and mean depth of 9.7 m. It
receives waters from lisalmi and Nilsid water courses from
northern and northeastern side and drains towards south.
Lake basin is a complex multi basin system with fragmented
shorelines, islands and many semi-detached basins separated
by glacial deposits, bedrock shear zones, and Precambrian
domes. The bedrock consists of Archaean and Proterozoic
crystalline rocks, mostly dominated by gneisses (Geological
Survey of Finland, online map). The basin was formed after
the Weichselian ice sheet retreat more than 9500 years ago
(Saarnisto 2000). The annual mean temperature is+4.1 °C,
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the mean temperature of the coldest month, January is
—7.8 °C, and the warmest month (July) is+ 17.7 °C (period
of 1991-2020; Finnish Meteorological Institute 2022). The
annual precipitation is 644 mm yr~!, nearly half of it pre-
cipitates as snow. The lake is covered by ice approximately
6 months from November to April (Finland’s Environmental
Administration 2022). The catchment of the lake, including
upper lakes, is 16,270 km?. The catchment area has indus-
trial and agricultural activities, forestry, and traffic.

Five sediment traps were deployed in Lake Kallavesi
(Fig. 1) to measure local MP accumulation rates and observe
seasonal variation of MP characteristics and variation in the
vertical flux. Two traps were deployed upstream from the
city of Kuopio, of which trap 1 serves as a control trap for
background contamination to Lake Kallavesi system from the
head waters. Trap 2 records bridge construction work that
occurred at the Northern branch from 2016 to 2018 (Finnish
Transport Infrastructure Agency 2018). Trap 3 is in the central
part of the northeast basin of Lake Kallavesi, surrounded by
human activities and downstream from the industrial water
release. Trap 4 is located at the bay next to the snow disposal
site. Trap 5 is located downstream from the city of Kuopio,
about 2 km downstream from the wastewater treatment plant
discharge pipe. The lake likely receives MPs also from sur-
rounding holiday cabins and permanent residency as well as
fishing, transport, and recreational water use. Table 1 shows
the detailed location and water depths at each monitoring site.

2.2 Sediment trap monitoring

The sediment trap configuration described in Saarni et al.
(2021) was used to monitor vertical flux of sedimentary
material in five locations. The trap configuration consisted
of the anchor weight (10-15 kg), trap body of stainless steel,
and two collector tubes made from polymethyl methacrylate
(PMMA) with diameter of 6.6 cm, height 51 cm, and volume
of 1.7 L. The 3 L signal buoy of PVC was submerged about
3 m below the surface to avoid attachment to the ice or boat
traffic. The trap body was attached to the anchor and signal
buoy using sinking 3 mm polyester ropes.

The sediment traps were deployed in spring 2017, and
the samples were collected on following autumn and spring
2018 to have samples representing winter season and grow-
ing seasons separately (Table 1). Sediment traps were col-
lected and maintained on site from the boat. The sample
from each collector tube was poured and rinsed into a 3 L
prewashed bucket (white, food-grade polypropylene) using
distilled water. The samples from both collector tubes A and
B were retrieved in their own buckets, of which the A sam-
ple was used for microplastic analyses and B for sediment
analyses. After sample collection, the tubes were washed,
attached to the trap body, and gently placed back at the same
location. All samples were stored under sealed lids at+5 °C
until the treatment.

Fig. 1 Sediment trap locations in
Lake Kallavesi shown with rel-
evant catchment and basin charac-
teristics. Trap 1 upstream control,
2 bridge construction, 3 highway,
4 central basin, 5 snow disposal
site, 6 downstream city area and
wastewater treatment plant
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Table 1 Sediment trap locations and depths, deployment date, and collection dates of each sequential sample collection. Sample 1 represents

growing season and sample 2 winter season

Trap N E Depth Deployment date Sample 1 Sample 2 Description

1 62°57.4° 27°38,6 30 3.6.17 21.10.17 26.5.18 Up-stream control

2 62°56,9’ 27°50,1° 11 3.6.17 21.10.17 26.5.18 Downstream from construction
3 62°55,7° 27°44.4° 15 3.6.17 21.10.17 26.5.18 Open-water central basin

4 62°52,7° 27°39,1° 9 3.6.17 21.10.17 26.5.18 Snow disposal site

5 62°50,4° 27°43,8° 13 3.6.17 21.10.17 26.5.18 Downstream from city area

2.3 Sediment analysis

The excess water was decanted, and the samples were rinsed
to large crucibles. The B-samples were dried at 60 °C for
24 h. The sediment weight was measured to calculate total
mass and sediment accumulation rate (SAR). Sediment sam-
ples were homogenized and powdered using agate mortar,
and subsamples were taken to measure the organic mat-
ter content (Heiri et al. 2001). About 0.5 g samples were
weighed in crucibles and burned at 550 °C for 4 h for meas-
uring loss on ignition (LOI). The samples were cooled in
an exicator and the change of sample weight after burning
was recorded for calculating the organic content of the sedi-
ment samples. The sedimentary material does not include
calcium carbonate minerals and hence LOI reflects organic
carbon content.

2.4 Microplastic analysis

The A-sample was opened and handled only in the clean lab-
oratory under laminar flow hood or vacuum hood to protect
samples from contamination. Water from the trap samples
was decanted carefully and filtered through 12—15 pm paper
filters (Munktell Ahlstrom, general purpose paper, size 90,
grade 1003), and the filters were stored on petri dishes. The
sediments were rinsed to 50 ml polypropylene (PP) centri-
fuge tubes using ultrapure water. Excess water was filtered
and stored after centrifuging the samples (VWR Mega Star
1.6; 3000 rpm, 10 min, brake rate of 6). Clastic lithic matter
was separated from lighter fraction by density separation
with heavy liquid (lithium heteropolytungstate, LST fast
float, diluted in ultrapure water to density of 2.0 g ml1™")
according to Saarni et al. (2021). The density separation
was repeated three times. Each time, the supernatant (light
fraction result of extraction) was filtered through 12—-15 um
paper filters and stored in sealed petri dishes.

Light fraction contained a lot of organic matter, and hence
samples on the paper filters were visually inspected using
a stereo microscope (Zeiss Stemi 508, 6.3—50 X magnifica-
tion; Axiocam ERc 5 s camera), and microplastic-appearing
particles were selected and hand-picked using micro twee-
zers. Particles were selected, if they had at least one of the

following features: bright “unnatural” color, reflective sur-
face, or rigidness when handling. Lower size limit of the
selected particles was around 100 um. The samples did not
contain any particles larger than microplastic scale (5 mm).
The selected particles were rinsed with filtered ethanol to
a 50-mL centrifuge tube (made from PP). From the tubes,
the particle-ethanol suspensions were filtered to 5 um silver
membrane filters (Sterlitech Co).

Fourier-transform infrared (FTIR) spectral maps were
measured from the silver membrane filters with Agilent
Cary 670/620 imaging FTIR spectrometer equipped with
128 x 128 focal plane array (FPA) detector. The whole filter
area (diameter 12 mm) was measured in reflection mode,
using 15 x Cassegrain objective, 8 cm™! spectral resolution,
four scans, 3800-800 cm™! spectral range, and 5.5 pm pixel
resolution, similarly as in Uurasjérvi et al. (2020) and Saarni
et al. (2021).

Data from FTIR was analyzed with SiMPle software
(Primpke et al. 2020). SiMPle is a freeware tool that auto-
matically counts and identifies MPs by calculating Pear-
son’s correlation between each sample spectrum and ref-
erence spectra of plastics. SiMPle provides particle counts
by polymer types, particle sizes, and estimated masses of
particles, based on the estimated volume and density of a
particle. The reference library consisted of polyethylene
(PE), PP, polyamide (PA), polyethylene terephthalate (PET),
polystyrene (PS), acrylonitrile butadiene styrene (ABS),
polyurethane (PU), polyvinyl chloride (PVC), polymethyl
methacrylate (PMMA), polyacrylonitrile (PAN), and natu-
ral polymers (cotton, proteins). The correlation thresholds
and other parameters for identification of polymers in siM-
Ple were similar as in Uurasjérvi et al. (2020). Particles
sized < 100 pm were ignored from the siMPle data, because
of size limit due to visual inspection and manual handling.

2.5 Contamination controls and recovery

Three control samples were prepared to evaluate the labo-
ratory contamination. Control sediment samples were pre-
pared and analyzed simultaneously with microplastic samples
through all the methodological steps. The control sediment
was collected from a lake sediment core from Lake Korttajirvi
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at sediment depth of 1.8 m, dated to about 2000 years before
present (Tiljander et al. 2003). The microplastic-appearing
particles were visually selected, hand-picked, and identified
using FTIR. None of the picked particles from control sam-
ples were plastic. Consequently, no corrections were required
to our data set.

Recovery rate was evaluated using three replicate samples,
all of which included 100 pieces of red colored PET particles
of size 250-500 pm and 100 pieces of white PE particles of
size 200-250 pm (self-made, cryomilled, and sieved). The
recovery samples were treated using the previously described
heavy liquid separation method. The recovered particles were
identified and calculated from the paper filters using binocu-
lar microscope. Our method showed 98% recovery for red
PET particles and 89% for white PE particles.

2.6 Statistical analyses

The PAST 4.03 software (Hammer et al. 2001) was used to
investigate correlations between the microplastic accumulation
rate and sedimentary variables such as organic content, and
SAR. Shapiro—Wilk test was used to verify the normal distribu-
tion of the data (n=10) accompanied with Pearson’s correlation.

3 Results
3.1 Sedimentary conditions

The total dry weight of sediment trap samples varied between
0.4 g and 3.14 g leading to SAR values between 0.62 and
7.42 g m~2 day~! (Table 2). The sediment accumulation is
very site specific, but accumulation rates during growing
season were consistently larger. Sediment organic content
varied between 11.8 and 20.8%, being higher in the grow-
ing season samples except for site 5. The organic content

Table 2 Total weight of each trap sample, sediment accumulation rate
(SAR), and organic matter content (OM %). Sample number refers to
seasonal sample number (cf. Table 1)

Trap/sample Sample season Total weight SAR OM %
no @ gm™'d™!

1-1 GS 2017 1.98 4.69 20.8%
1-2 W 17-18 n/a n/a n/a
2-1 GS 2017 3.14 7.42 11.8%
2-2 W 17-18 n/a n/a n/a
3-1 GS 2017 1.78 422 17.6%
3-2 W 17-18 0.41 0.62 15.8%
4-1 GS 2017 2.24 5.3 15.2%
4-2 W 17-18 0.58 0.88 14.8%
5-1 GS 2017 1.88 4.44 18.8%
5-2 W 17-18 0.80 1.22 19.7%

data was missing for trap 1 and 2 winter samples, because in
both sites, a fish had entered one of the two trap tubes and
decayed causing a loss of the entire sample. The other trap
tube remained unharmed but was prioritized for microplastic
analyses, which was the main objective of the study.

3.2 Microplastic accumulation

The annual accumulation rate of MPs varied between 660
and 2320 pcs m~2 yr~! (Table 3). The highest annual rate is
observed at site 4, while lowest rates at sites 1 and 3. The
daily accumulation rate of MPs is up to four times higher
during the growing season than during wintertime at all sites
excluding site 1 where no microplastic particles were found
from growing season sample (Table 4). Most of the particles
(75%) were fragments, and the remaining 25% were fibers.
The most frequently found polymer types were PP, PE, and
PA, respectively (Fig. 2). Larger variety of materials were
documented from growing season samples, where PP was
clearly dominant material. PE dominated in winter season
samples. No statistically significant correlations were found
between the sedimentary variables and microplastic accumu-
lation rate, likely because the small sample size available.
The blank control samples did not show any contamina-
tion, likely due to the careful handling of the samples and
due to relatively large lower limit of the analyzed particles
(100 pm). Hence, no corrections to the MP results were
required. Since the loss of MP particles during the process
was less than 10%, we did not use any corrections regarding
the possible loss of particles during handling, but only note
that the actual number of particles in the sediment samples
can have been larger.

4 Discussion
4.1 Depositional environment
Fastest sediment accumulation rate occurs during growing

season at all sites. The total accumulation rate during grow-
ing season is up to sixfold compared to winter season. This

Table3 The annual sediment accumulation rate (SAR) and micro-
plastic flux at the studied sites

Site annual SAR Annual MP flux
g m2a”! pcs m2a”!

1 n/a 663

2 n/a 1325

3 742 663

4 954 2318

5 905 1656
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Table 4 Number of MPs

. Sample  Season Noof pcs Items g=!  MP flux Particle shape Particle ~ Light fraction %

in sample (no of pes), IY{P. pesm=2d™!  fragment % size mean

concentration (Items g™ ) in

sediment dry weight, calculated  1_; GS 2017  None 0 n/a n/a n/a n/a

daily MP flux, particle shape 12 WI7-18 2 n/a 3.1 100 348 100

as percent of fragments, mean

particle size and percentage of 2-1 GS2017 3 1.0 7.1 100 156 66.7

the MP fraction with density 2-2 W17-18 1 n/a 1.5 0 849 0

less than 1 g cm™ are shown 3-1 GS2017 1 0.6 2.4 100 179 0
3-2 W17-18 1 2.4 1.5 100 89 100
4-1 GS 2017 4 1.8 9.5 75 282 100
4-2 W17-18 3 5.2 4.6 100 302 100
5-1 GS 2017 3 1.6 7.1 333 439 100
5-2 W17-18 2 2.5 3.1 50 606 0

is most likely explained by the open water conditions, frost
free catchment, resuspension of littoral sediments due to
wave activity, and enhanced biogenic production (Ojala et al.
2013; Saarni et al. 2015; Johansson et al. 2019; Salmela
et al. 2022). During winter season, Lake Kallavesi is covered
by ice, which lasted for 130 days on winter 2017-2018. It is
shown that during winter, the sediment accumulation under-
neath the ice cover is negligible (Ojala et al. 2013; Saarni
et al. 2015; Johansson et al. 2019). Spring flood caused
by snow melt, however, is a significant incident at boreal
spring, increasing catchment erosion, sediment transport,
and accumulation. The peak transport by the floods occurs

A 5%
5%
5% 45 %
B 9%
9%

18 %
64 %

C
22 %
K
45 %
Hpp Hpe Mpet mps Wpa

Fig.2 Polymer types in all samples (A), growing season (B), and win-
ter season (C) samples

while the ice is not completely melted (Johansson et al.
2019), and this event is incorporated into winter season sam-
ples. While spring flood mostly explains the sediment accu-
mulation observed in our winter samples, typical in boreal
lakes (Ojala et al. 2013; Zolitschka et al. 2015; Johansson
et al. 2019), the short-lived event is not able to increase the
sedimentation rate over the growing season sedimentation
rate. The daily sediment trap measurements of previous
study in Lake Kallavesi shows that the material transport by
snow-melt induced spring flood is very punctuated, lasting
for several days, not weeks (Johansson et al. 2019).

The largest sedimentation rate is measured during grow-
ing season from site 2. The minerogenic content of the grow-
ing season sample at this site was exceptionally high. The
high SAR and large quantity of minerogenic matter is likely
related to construction work taking place at the bridge less
than 2.5 km upstream from the trap site. The bridge con-
struction work started in 2016 and was active until Novem-
ber 2018, and the majority of dredging was carried out on
autumn 2017 and May 2018 (Finnish transport Infrastructure
Agency 2018). These activities likely released clastic mate-
rial and increased erosion as well as resuspension of earlier
sediment deposits leading to peak in SAR in trap site 2.
Increased sedimentation rates over natural background con-
ditions due to construction work at the catchment are already
previously documented from Lake Kallavesi (Johansson
et al. 2019). The lowest SAR was documented at the open
water site 3, located furthest on the coastlines, and terrig-
enous sediment sources.

The variability of organic content is remarkable among
the sites and the seasons. In general, lower OM content is
observed during winter season, which directly reflects the
cyclic availability and production of biogenic material (Ojala
et al. 2013; Zolitschka et al. 2015). In general, higher OM
contents are measured from the sites further from coasts (site
1, 3, and 5), which suggest that at these sites, autochtho-
nous organic production is of higher importance than at
coastal sites . In addition, these locations are deepest sites.
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Maximum OM of 20 % was collected at the 30 m depth (site
1), while the lowest OM content of 15 % was documented
from shallowest site at 9 m water depth (site 4) if the site
2 impacted by the construction work is excluded. The rela-
tively small difference between winter season and growing
season is likely due to accumulation of the fine amorphous
organic matter at the calm waters underneath the ice and
transport of organic remnants during spring flood (Ojala
et al. 2013; Saarni et al. 2015).

4.2 Occurrence of microplastics in sediment samples

The majority of particles found from sediment trap samples
are fragments (75%), the rest being fibers. The dominance
of fragments over fibers is previously reported in deeper lake
bed sediments (Hengstmann et al. 2021; Cera et al. 2022);
however, many studies report dominance of fibers (Li et al.
2020; Lenaker et al. 2021; Yang et al. 2021b). The lower
portion of fragments (36%) reported from surface water
samples from Lake Kallavesi (Uurasjérvi et al. 2020) may
suggest that fragments are more likely deposited than fib-
ers. Overall, our number of data and the low number of MPs
observed in the samples do not allow an extensive analysis
and interpretation of the data; however, it allows discussion
of the following interesting points.

Despite the small number of particles detected, the most
common material types identified (PP, PE; Fig. 2) reflect
globally most produced and used plastic types (Geyer et al.
2017). PP and PE are among the most frequently found syn-
thetic polymers in previously published results from lake sed-
iments (Hengstmann et al. 2021; Lenaker et al. 2021; Saarni
et al. 2021). This is in accordance with surface water samples
from the same lake (Uurasjarvi et al. 2020) with the two most
abundant polymer types of PP and PE. In total, wider range
of polymer types is observed in growing season samples than
in winter season samples; however, this cannot be considered
significant, because of low total amount of particles and large
variation between the sites. The most diverse polymer range
was observed at site 2 downstream from the bridge construc-
tion work that likely denotes to intensive digging, dredging,
and material use during the construction work. The propor-
tion of lighter materials (density less than that of water, e.g.,
PE, PP) are more common in growing season samples. This
could be related to biofouling, which is reported to be a sig-
nificant factor to cause light materials to sink through the
water column (Kowalski et al. 2016; Semcesen and Wells
2021; Zhang et al. 2021a, b).

Microplastic abundance in sediments is previously related
to population density as well as proximity of the urban and
agricultural land use, industry, road runoff, and wastewater
treatment plants as well as paints and coatings from marine
traffic (Horton et al. 2017; Xiong et al. 2018; Bergmann
et al. 2019; Campanale et al. 2020; Grbic et al. 2020; Li et al.
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2020; Lenaker et al. 2021; Kallenbach et al. 2022). Indeed,
we record the highest microplastic concentrations at sites
closer to human activities. The annual concentrations from
Lake Kallavesi trap samples vary from 4000 to 20,000 items
kg~!, which is broadly in accordance to previously reported
concentrations from lake basin sediments (Ballent et al.
2016; Turner et al. 2019; Jian et al. 2020; Zobkov et al. 2020;
Lenaker et al. 2021) although the comparison of microplastic
concentrations is always hampered by the different sampling
and analyze methods in addition to microplastic particle size
range investigated in each study. Furthermore, the lower
detection limit of 100 pum in our study likely underestimates
the microplastic concentrations and fluxes. The microplastic
concentrations and accumulation rates show large variability
within the Lake Kallavesi basin, which is in agreement with
previous studies reporting multiple sediment samples within
a single lake basin (Ballent et al. 2016; Baldwin et al. 2020;
Jian et al. 2020; Zobkov et al. 2020; Hengstmann et al. 2021).

Higher microplastic concentrations in sediment beds are
generally documented closer to coastal areas compared to
open water sites (Baldwin et al. 2020; Hengstmann et al.
2021; Lenaker et al. 2021). This is explained by population,
urban, and agricultural land use and transport processes. Our
data show that not only concentrations, but also the micro-
plastic accumulation rate is generally higher at sites near
coasts. The highest accumulation rates are observed at site 4,
close to the snow disposal site and city activities. The snow
disposal site receives all the snow collected from the streets
of the city during wintertime. The snow is transported and
accumulated to the coast of the Siikalahti Bay (site 4) and is
left to melt during the growing season. During winter season
2017/2018, in total of 288,000 m> of snow was disposed. All
the contaminants from the snow pile are released by melt-
ing of snow during the growing season, and they become
transported to the lake basin. In addition, because the site is
located near the coastline, it likely receives MPs also from
the recreational use of the bay (beach and small boat harbor)
as well as storm waters. However, the result highlights the
need of reconsideration of location of snow disposal sites
at the vicinity of natural water bodies. The vertical flux
rates of microplastics are equally high at sites 2 and 5, both
influenced by human activities. The site 2 receives micro-
plastics likely from the redeposition of dredged sediments
and construction activities up stream, while site 5 indicates
downstream influence from the waste water treatment plant
and the urban region, in general. The lowest accumulation
rates observed at the open water site 3, in the central part of
the Northern Basin, could be explained by the distance from
the shoreline and source areas. Equally low accumulation rates
were observed at the control site upstream from the Kuopio city
area and its activities. This is in line with the conclusions of
several studies suggesting the importance of nearby microplas-
tic sources for hot spot areas in Finnish coastal areas (Talvitie
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et al. 2015; Martyanov et al. 2021; Sainio et al. 2021) and glob-
ally (Ballent et al. 2016; Zobkov et al. 2020; Grbic et al. 2020;
Hengstmann et al. 2021; Yang et al. 2021b; Cera et al. 2022).

4.3 Seasonal variation of vertical microplastic flux

Previously, microplastic concentrations are observed to
change over time; the microplastic abundance in sedimentary
profiles are closely linked to global plastic production rate
(Brandon et al. 2019; Turner et al. 2019). Moreover, increas-
ing vertical microplastic flux rates are observed in varved
sediment sequence from Santa Barbara Basin (Brandon et al.
2019). However, the large research gap lies in seasonal vari-
ation of microplastic deposition rates, and there is an urgent
need for high-resolution microplastic-accumulation data in
order to discuss the controlling factors on microplastic accu-
mulation, in depth. The studies have already shown the sea-
sonal variation of microplastics in beach sediments, where
higher occurrence of microplastics is related to water level
changes, run off events, wave activity, and winds (Corcoran
et al. 2020; Iannilli et al. 2020; Hengstmann et al. 2021). In
addition to spatial variation, our data suggest seasonal vari-
ation in vertical microplastic flux rate and concentrations
in the sediments. Larger vertical microplastic fluxes occur
during growing season period compared to winter season. In

contradiction, the microplastic concentration in sediments is
higher during wintertime (Fig. 3).

The seasonal variation has strong influence on boreal lake
systems (Ojala et al. 2013; Johansson et al. 2019), which
could control the vertical flux of microplastics as well. Like
sediment flux rate, also microplastic accumulation rate is
higher during open water season at all locations, except
for site 1. The low accumulation rates during winter sea-
son could be explained by decreased erosion and transport
from snow covered and frozen catchment (Ojala et al. 2013;
Johansson et al. 2019). However, trapping of microplastics
in the ice during winter time (Geilfus et al. 2019; Scopetani
et al. 2019; Kim et al. 2021) can reduce their accumula-
tion from the water column to bottom sediments, despite the
favorable calm conditions under ice cover promoting accu-
mulation of other fine grained detritus (Ojala et al. 2013;
Saarni et al. 2015; Johansson et al. 2019). In addition, frozen
soil and snow cower reduce catchment erosion and transport
of terrigenous material to the aquatic systems during winter.
It is shown that mostly organic highly degraded material
is deposited into sediments underneath the ice (Ojala et al.
2013). Recent modeling study from Baltic Sea (Martyanov
et al. 2021) suggests that microplastics do not accumu-
late during winter, when surface water temperature is less
than 4 °C. This was explained by the absence of biological
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processes related to phytoplankton and zooplankton func-
tioning. While our data show this is not entirely true in lake
environment, our results strongly support Martyanov et al.
(2021) modeling outcome, showing larger microplastic accu-
mulation rates during warm season.

The ceased sedimentation rate during winter season,
however, leads to larger microplastic concentration in win-
ter samples. It is possible that some of the microplastics
are truly deposited during ice conditions. However, spring
floods, caused by melting of snow, are major erosive events
on boreal catchments, and hence it is likely, that majority of
the microplastics observed in the winter samples are derived
from catchment by the spring floods or accumulated after
ice break out. The higher vertical microplastic fluxes during
growing season may also suggest that large part of micro-
plastic particles are accumulated relatively fast. Assuming
zero transport of microplastic to the lake during the time
when catchment and lake are frozen, the plastics enter the
lake during spring floods and summer and become deposited
within the same season. Relatively fast deposition is sup-
ported by the previous studies about sinking velocities of
microplastic particles (Kowalski et al. 2016; Semcesen and
Wells 2021; Zhang et al. 2021a).

The sites with higher microplastic accumulation rates
show generally high sediment accumulation rates. Because
many anthropogenic activities lead in enhanced catchment
erosion, at the coastal sites close to urban land use, it is
likely that the higher microplastic accumulation rates are
accompanied with high SARs. The variation in sedimenta-
tion rate is a significant component affecting microplastic
concentration in natural sediments. High sediment loads
dilute the number of microplastic particles in total sample.
While SAR can vary seasonally and with longer time periods
or occasional events such as extreme floods, construction
activities, or mass movements, sedimentation rate alone can-
not predict or explain microplastic accumulation rate, espe-
cially at sites close to coast lines and/or human activities.
Hence, microplastic concentration in bulk sediment sample
cannot always recognize the hot spots of microplastics. This
is suggested also by our observations. The site 2 under con-
struction work shows high microplastic accumulation rate,
but due to enhanced sediment accumulation rate at the site,
the concentration of microplastics in the sediment sample
remain low. On the other hand, the winter samples showing
very low microplastic deposition result in very high micro-
plastic concentrations due to the low sedimentation rate.

We argue that the investigations of actual microplastic
deposition rates are crucial to detect the hot spot areas of
microplastic accumulation and to understand where micro-
plastics are deposited. Understanding the local sedimenta-
tion rates and vertical microplastic fluxes, it is possible to
evaluate the future changes in microplastic concentrations of

@ Springer

ecologically active surface sediments. We expect that sedi-
ment accumulation rates and microplastic accumulation rates
vary independently and not always to same direction. Human
activities are expected to increase, while climate change can
cause significant changes in sedimentation patterns. Hence,
understanding both components affecting concentration will
be crucial in understanding future microplastic concentra-
tion changes and ecological risks.

5 Conclusions

The freshwater bodies are increasingly exposed to micro-
plastics and the large research gap lies in the rate of accumu-
lation of microplastics to aquatic environments. Temporally
resolved samples are required to quantify the microplastic
fluxes to natural water bodies. Sediment trap monitoring
provides high resolution time series of vertical microplastic
fluxes and can provide valuable information of the sources,
fate, and behavior in lake systems. The highest microplastic
deposition rates occur in the vicinity of terrigenous sediment
sources; however, no direct correlation between sediment
mass and microplastic accumulation rate were observed.
The large seasonal variability in boreal lake systems strongly
controls microplastic deposition rates. The vertical flux of
microplastic decreased significantly during winter. This is
likely due to frozen and snow-covered soils at catchment
preventing transport of the released microplastics. In addi-
tion, ice cover can trap microplastics from the surface waters
and protect littoral sediments from wave induced resuspen-
sion further decreasing microplastic deposition. In contrast,
microplastic concentration is higher during winter due to
ceased sediment accumulation. The temporal and spatial
variation in sedimentation rates can lead to under or over
estimations of the environmental status of the site due to
enrichment or dilution of microplastics. In sites of high
sedimentation rates, the use of only microplastic concen-
tration can lead to failure in identifying a hot spot site. We
encourage an increase in the research of microplastic flux
rates to better compare the microplastic pollution rates and
to understand the controlling factors behind the depositional
processes of microplastics.
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