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A B S T R A C T   

Microplastic pollution has been confirmed in all marine compartments. However, information on the sub-surface 
microplastics (MPs) abundance is still limited. The vertical distribution of MPs can be influenced by water 
column stratification due to water masses of contrasting density. In this study, we investigated the vertical 
distribution of MPs in relation to the water column structure at nine sites in the Kattegat/Skagerrak (Denmark) in 
October 2020.A CTD was used to determine the stratification and pycnocline depth before sampling. Plastic-free 
pump-filter sampling devices were used to collect MPs from water samples (1–3 m3) at different depths. MPs 
concentration (MPs m− 3) ranged from 18 to 87 MP m− 3 (Median: 40 MP m− 3; n = 9) in surface waters. In the mid 
waters, concentrations ranged from 16 to 157 MP m− 3 (Median: 31 MP m− 3; n = 6), while at deeper depths, 
concentrations ranged from 13 to 95 MP m− 3 (Median: 34 MP m− 3; n = 9). There was no significant difference in 
the concentration of MPs between depths. Regardless of the depth, polyester (47%), polypropylene (24%), 
polyethylene (10%), and polystyrene (9%) were the dominating polymers. Approximately 94% of the MPs fell 
within the size range of 11–300 μm across all depths. High-density polymers accounted for 68% of the MPs, while 
low-density polymers accounted for 32% at all depths. Overall, our results show that MPs are ubiquitous in the 
water column from surface to deep waters; we did not find any impact of water density on the depth distribution 
of MPs despite the strong water stratification in the Kattegat/Skagerrak.   

1. Introduction 

The accumulation and effects of plastic pollution in the ocean are of 
global environmental concern. Understanding the fate and processes 
affecting the distribution of MPs in the ocean is crucial to evaluating the 
impacts of plastic litter on marine ecosystems. In recent years, micro-
plastics (MPs) in surface waters have been extensively examined by 
using nets, mainly the Manta net (Cózar et al., 2014; Setälä et al., 2016; 
Pasquier et al., 2022) and pump-filtering devices (e.g., Rist et al., 2020; 
Gunaalan et al., 2023a).It is estimated that floating plastics only account 
for less than 1% of the total plastic entering the ocean (Cressey, 2016), 
and there is increasing evidence that the seafloor is a sink for MPs (Van 
Cauwenberghe et al., 2013; Woodall et al., 2014; Martin et al., 2022; 
Simon-Sánchez et al., 2022; Fagiano et al., 2023).However, there is 

limited understanding regarding concentration, vertical distribution, 
and characteristics of sub-surface MPs (Thompson et al., 2004; Doyle 
et al., 2011; Kanhai et al., 2018; Zhao et al., 2023). 

Large-scale oceanographic factors like ocean currents influence the 
horizontal and vertical distribution of MPs in the ocean (Law et al., 
2010;Zobkov et al., 2019) and mesoscale processes such as eddies, 
convective flows, and upwelling (Brach et al., 2018; Díez-Minguito 
et al., 2020; Vega-Moreno et al., 2021).Vertical water mixing also affects 
the distribution of both positively and negatively buoyant MPs (Liu 
et al., 2020; Uurasjärvi et al., 2021).Several studies found that water 
column stratification influences the distribution of MPs (Wu et al., 2019; 
Zhou et al., 2021), even causing the accumulation of MPs in thin 
sub-surface water layers (Uurasjärvi et al., 2021).For instance, Uur-
asjärvi et al., 2021 found 1000 times more MPs at the beginning of the 
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thermocline than in the other water layers in Baltic waters. However, 
other studies have found a less clear/no influence of water stratification 
on MP vertical distribution (Eo et al., 2021; Zhou et al., 2021). 

The sinking and distribution of MPs in the water column are also 
influenced by the size and density of the particles (Kowalski et al., 2016; 
Borges-Ramírez et al., 2020; Shamskhany et al., 2021; Reisser et al., 
2015 found that smaller plastic particles are more susceptible to vertical 
transport, with plastic concentrations dropping exponentially with 
water depth in the North Atlantic Gyre. MPs with a density lower than 
seawater, such as polypropylene and polyethylene, are expected to float 
on surface waters. However, biological interactions, e.g., ingestion and 
integration in fast-sinking zooplankton fecal pellets (Kvale et al., 2020a; 
Kvale et al., 2020b) and aggregation of MPs to biological detritus like 
marine snow (Michels et al., 2018; Zhao et al., 2018) can accelerate the 
sinking rates of MPs (Porter et al., 2018), which can explain the high 
occurrence of low-density MPs in subsurface waters and sediments 
(Song et al., 2018).However, little is still known about the characteris-
tics of MPs in subsurface waters at different depths, particularly for 
small MPs fractions (<300 μm). 

The Kattegat and the Skagerrak connect the North Sea with the 
brackish Baltic Sea. The hydrography of the Kattegat is characterized by 
an upper layer of lower saline surface water originating from the Baltic 
Sea and a deeper layer of higher saline water from the Skagerrak. These 
two water masses are separated by a strong pycnocline (Richardson, 
1996; Matthews et al., 1999).This strong stratification makes Kattegat a 
good model area to investigate the influence of water density on the 
vertical distribution of MPs and to identify sub-surface water layers of 

the potential accumulation of plastic pollution. Here, we quantify and 
characterize the MPs >10 μm in different water layers in Katte-
gat/Skagerrak basins (Denmark) to evaluate the influence of the water 
column stratification on the vertical distribution of MPs. We hypothe-
sized that the density of the water masses affects the vertical distribution 
and composition of MPs. 

2. Materials and methods 

2.1. Study area and sampling devices 

The sampling was conducted in October 2020 onboard the R/V 
DANA (DTU Aqua), covering twelve locations in the Kattegat Sea and 
two in the Skagerrak (Gunaalan et al., 2023a). However, this study 
specifically focuses on the water column samples collected from nine 
stations: stations (St) 1, 4, 5, 6, 8, 9, 10, 12, and 14. (Fig. 1A). The 
selected stations cover coastal and offshore waters with different levels 
of water stratification, including the Northern and Southern regions of 
the Kattegat, where higher concentrations of MPs were found in surface 
waters (Gunaalan et al., 2023a). Among these selected stations, seven 
are situated in the typical areas of Kattegat. Station 4 is located in the 
Southwestern part, and stations 5 and 6 are in the Southern region. 
Stations 8, 9, and 10 are located eastward in an area connected to the 
Western Baltic Sea. Additionally, station 12 is in the central area of the 
Kattegat. Finally, two stations (1 and 12) are located in a deeper area 
within the Skagerrak region, which connects to the North Sea. All sta-
tions were analyzed for the surface layer, and stations 5, 6, 8, 10, 12 and 

Fig. 1. Map of study locations (St- 1, 4, 5, 6, 8, 9, 10, 12, 14) (A) and the vertical profiles of temperature (B), salinity (C), and density (D) in the study area during the 
sampling period. 
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14 were studied for mid-layer (Pycnocline). Deep layer samples were 
analyzed from stations 1, 4, 5, 6, 9, 10, 12 and 14. The stations were 
selected to cover different water masses. Temperature, salinity, and 
fluorescence measurements were taken from the surface to a depth of 1 
m above the seafloor using a Sea-Bird CTD System (Sea-Bird Scientific 
SBE 9). MPs larger than 10 μm were collected using a plastic-free 
pump-filter device called “AAU-KRAKEN”. The AAU-KRAKEN consists 
of a steel cylinder housing a borehole deep-well pump and six attached 
filtering units (UFO), derived from the system used by Rist et al., 2020, 
Gunaalan et al., 2023a; Liu et al., 2023. Each UFO holds a 10 μm steel 
filter measuring 167 mm in diameter. Water passes through these UFO 
units and is expelled through the device’s outlet, where a flowmeter 
measures the filtered water. The device, powered by lithium batteries 
held in a sealed steel housing, was deployed from the CTD deck, and 
controlled via the oceanographic winch, allowing it to filter around 3 m3 

of water in 30 min at each deployment. 

2.2. Sample preparation, MPs detection and data analysis 

The particle-enriched steel filters collected at each station by the 
“Kraken” were subsequently processed according to the protocol out-
lined in Gunaalan et al., 2023a).Briefly, the extraction of MPs from the 
filters involved several main steps. Firstly, the filters were soaked in 
sodium dodecyl sulphate (SDS), which ensures the solubilizing of sam-
ples and facilitates the breakdown of macromolecules in the samples. 
Next, enzymatic digestion was carried out using protease and cellulase 
enzymes to denature the proteins and cellulose materials in the samples. 
Subsequently, Fenton oxidation was conducted to further degrade the 
remaining organic matter and improve the MPs’ separation. A size 
fractionation was then performed to segregate the MPs >300 μm using a 
metal sieve. Finally, a density separation using sodium polytungstate 
(SPT, ρ = 1.7 g cm− 3) was carried out to extract the MPs from any 
inorganic material.An aliquot representing 50–60% of the sample was 
deposited onto multiple Zinc Selenide (ZnSe) windows (Ø = 13 mm; 
thickness = 2 mm). Subsequently, the entire active surface of the ZnSe 
window (Ø = 11 mm) was analyzed by Focal plane array (FPA) based 
micro Fourier transform Infrared Spectroscopy (μFTIR) Imaging using 
the instrumental parameters described in Gunaalan et al., 2023a, 2023b. 

The spectral data obtained from μFTIR-Imaging were analyzed using 
a freeware siMPle (https://simple-plastics.eu/), which allows auto-
mated analysis of large hyperspectral data sets (Primpke et al., 2020). 
Ultimately, we obtained details on the size (length, width, and Feret 
diameter), polymer type, and estimated mass of the particle from siMPle 
software encompassing a total of 1234 MPs across all depths. The mass 
estimates were computed by considering the volume of the particles, 
assuming an ellipsoid shape, and incorporating the density specific to 
the respective polymer types (Simon et al., 2018; Liu et al., 2019; Rist 
et al., 2020; Gunaalan et al., 2023a). The distinction between the shapes 
of the MPs was performed by evaluating the ratio between the length 
and width of the particles. Fibers were classified as particles with a 
length-to-width ratio greater than three, whereas fragments were 
defined as those with a ratio less than three (World Health Organization, 
1997; Vianello et al., 2019). 

2.3. Quality control and quality assurance 

Quality control and quality assurance measures were implemented 
as outlined in Gunaalan et al., 2023a, ensuring a comprehensive 
contamination control approach. Briefly, all materials were muffled at 
500 ◦C, and wrapped in aluminum foil until use. All chemical solutions 
used for sample processing were filtered over 0.7 μm GF/F filters. 
Samples were prepared in a laminar flow bench, and cotton laboratory 
coats were always worn. Moreover, representative samples were taken 
from all the possible critical cross-contamination points onboard the 
vessel, including the ship’s paints. Two types of blanks were employed 
to assess contamination in different stages of the sampling and sample 

preparation processes. The “air blanks” were used during the “Kraken” 
sampling to evaluate airborne contamination (Gunaalan et al., 2023a), 
while “procedural blank” were carried out in the laboratory during 
sample preparation to assess the contamination at that stage. 

2.4. Data processing and statistical analysis 

The number of MPs was scaled up to the entire respective sample 
volumes contained in the vials (5 mL) based on the μFTIR-scanned 
fraction and corrected for cross-contamination recorded in “procedural” 
and “air” blanks. Descriptive statistics and graphical illustrations were 
computed using R software (R 4.2.1). 

To evaluate the diversity and similarity of polymers in the studied 
depths, we computed three metrics: Shannon-Wiener index H’ (natural 
logarithm base)(Lorenz et al., 2019; Sun et al., 2021), richness, and the 
Sørensen’s coefficient for similarity. 

Shannon − Wiener index(H′)= − Σ{(pi)× ln(pi)} eq (1)  

Polymer richness(S)= Number of polymers detected eq (2)  

Sørensen Coefficient =
2C

S1+S2
eq (3) 

Where, pi = proportion of total polymers represented by each poly-
mer type. 

C=Number of polymers common in the two different depth. 
S1 = Total number of polymers at depth 1. 
S2 = Total number of polymers at depth 2. 

3. Results 

3.1. Oceanographic features 

The CTD data showed depth differences in salinity, temperature, and 
density (Fig. 1).In the Kattegat, the surface layer (0–15m) exhibited a 
consistent temperature (11.9–13.3 ◦C), although significant salinity 
level changes from 19.5 to 32.8 psu across the pycnocline. In addition, 
notable changes in temperature and salinity were observed in deeper 
waters (St-14), causing the formation of distinct water masses/stratifi-
cation. In the case of the Skagerrak (St-14), the temperature 
(12.91–13.7 ◦C) and salinity (32.8–33.9 psu) were relatively higher than 
the other stations (Fig. 1).Overall, a pronounced stratification was 
observed in the water layers. This prominent differentiation in density 
clearly showed the characteristic layering within the study area. 

3.2. Blank correction 

The air blanks and procedural blank contained a median MPs con-
centration and estimated mass of 1.25 MPs and 0.10 μg per sample, 
respectively. The polymer composition of MPs in the blanks was 69% 
polyester, 18% acrylic paint, 6%, polyvinyl chloride, 2% polyamide, 2% 
polystyrene, and 1% vinyl chloride copolymer, PAN acrylic fiber, and 
polyethylene. The results were adjusted for contamination by deducting 
the median contribution of each polymer identified in the blank samples 
from the MPs number and mass estimates. 

3.3. Vertical distribution of MP abundance and mass in the water column 

The MPs concentration and distribution were heterogenic, varying 
among sites and depths (Table 1).The concentration of MPs in surface 
waters was relatively high in St.1 (87 MP m− 3), St.14 (62 MP m− 3), and 
St.10 (57 MP m− 3).In the mid-water samples, St.5 and 12 had the higher 
concentration MPs (157 MP m− 3, and 66 MP m− 3 respectively), while in 
the deep water MPs concentration was higher in St.5, 4, and 9 (95 MP 
m− 3, 82 MP m− 3 and 68 MP m− 3 respectively) (Fig. S1).The concen-
trations of MPs (mean ± SD) in the surface, mid, and bottom waters 
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were 41 ± 24 (Median = 40; n = 9), 53 ± 54 (Median = 31; n = 6), and 
47 ± 29 (Median = 35; n = 8) MPs m− 3, respectively (Table 1). In 
general, due to the high variability, no significant difference was found 
between surface, midwater, and deep water (Kruskal-Wallis test, p >
0.05). Similarly, the mean concentration of MP mass estimates in the 
surface water was 32.7 ± 64 μg m− 3 (Median: 6.2. μg m− 3). Mid-water 
samples had an average concentration of 6.1 ± 3.6 μg m− 3 (Median: 6.5 
μg m− 3), while the deep-water samples showed a mean concentration of 
4.1 ± 5.5 μg m− 3 (with a median of 2.1 μg m− 3).Remarkably, the surface 
water of stations 1 and 6 exhibited a higher mass concentration 
compared to all other samples (Fig. S1).These two stations contained 
outliers where few single particles contributed to more than half of the 
total mass compared to the other particles. 

The pycnocline depth varied among the stations (Fig. 2), and no 
correlation was observed between the MPs abundance and vertical 
water density (Pearson correlation, p > 0.05, R2 = 0.0006).Among the 
surveyed stations, station 9 exhibited the highest salinity gradient of 
4.33 psu m− 1 at the halocline depths, followed by station 8 with a 
gradient of 3.25 psu m− 1.Similarly, for the temperature gradient at the 
thermocline depths, station 9 had the highest value of 0.60 ◦C m− 1, 
followed by station 8 with a gradient of 0.47 ◦C m− 1.In contrast, station 
14 displayed the lowest gradient among all stations, with 0.01 psu m− 1 

at the halocline and 0.01 ◦C m− 1 at the thermocline depths (Fig. S2). 

3.4. Polymer composition of MPs at different depths 

The polymer composition in terms of numbers for each station and 
sampling depth is shown in Fig. 3A. Overall, 21 different types of 
polymers were identified (Fig. 3A).Polymer (species) diversity was 
higher at St 5 midwater (H = 1.92), and the lowest recorded in St 14 
surface water and St 10 midwater (H = 0.59) (Table S1). The analysis 
using the Sørensen similarity index indicated that St 5, 6, and 12 showed 
higher similarity values between mid and deep-water layers (Table S1). 
This suggests a greater variety of polymers present in these water layers. 
Conversely, the similarity of polymers was relatively low between the 
surface and mid-layers (Table S1). The polymer compositions at each 
station were generally comparable across vertical layers, and there was 
no observable trend of increasing or decreasing polymer proportions 
with the water depth (Fig. 3A). Polyester, polypropylene, and poly-
ethylene emerged as the most dominant polymers across the vertical 
layers of the study sites; however, it is worth noting that polyester was 
absent in the deep layers of station 14, and no polypropylene was 
identified in station 8 (Fig. 3A).When we compared the composition of 
polymer types among depths by combining data from different sites, we 

Table 1 
Summary of MPs size and mass observed at different depths in the study area (n, given the number of stations where samples were taken).  

Vertical layer MPs Abundance (MPs m− 3) MPs 
Shape 

MPs Size and Mass 

Length (μm) Width (μm) Mass (μg) 

Range Median Mean ± SD Median Mean ± SD Median Mean ± SD Median Mean ± SD 

Surface (n = 9) 18–87 40 41 ± 24 Total MPs 76.6 139.4 ± 187.5 27.6 37.4 ± 37.7 22.2 0.87 ± 7.84 
Fragments 52.4 74.6 ± 81.5 27.5 35.4 ± 30.0 0.02 0.29 ± 2.26 
Fibers 151.7 228.0 ± 246.8 27.7 40.2 ± 46.3 0.06 1.66 ± 11.76 

Mid (n = 6) 16–157 31 53 ± 54 Total MPs 67.6 104.6 ± 123.3 27.8 32.1 ± 23.3 0.02 0.12 ± .0.69 
Fragments 54.5 64.1 ± 47.4 29.3 33.7 ± 25.7 0.02 0.11 ± 0.80 
Fibers 145.2 201.4 ± 181.6 24.3 28.2 ± 15.4 0.04 0.13 ± 0.30 

Deep (n = 8) 13–95 35 47 ± 29 Total MPs 66.5 96.7 ± 83.7 27.6 33.4 ± 21.7 0.02 0.09 ± 2.48 
Fragments 55.2 66.6 ± 46.2 28.1 34.1 ± 22.0 0.01 0.07 ± 2.35 
Fibers 157.8 179.9 ± 105.6 25.7 31.4 ± 20.9 0.04 0.13 ± 0.28  

Fig. 2. MPs abundance at the surface, mid and deep water in the selected study sites of Danish marine waters. Each column represents the interpolated vertical 
seawater density (σθ) distribution in each study site (range σθ14.6–25.3 kg m− 3), the different colors of the circle indicate the different depths of the water column 
(surface, mid and deep water) and the circle size illustrates the abundance of MPs (MPs m− 3) at the sampling depths. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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observed that polyester, was the most prevalent polymer in the three 
water layers, accounting for 41–60% of the samples. This was followed 
by polypropylene 12–29% and polyethylene 3–9%.The remaining 
polymers comprised 20–42% of the sample (Fig. 3B).Furthermore, 
polyester and polypropylene collectively accounted for over 50% of both 
number and mass estimates (Fig. 3B). 

3.5. Density, size and shape of MPs 

The categorization of polymers into low-density (LD; <1.02 g cm− 3) 
and high-density (HD; >1.02 g cm− 3) was determined based on their 
theoretical density relative to seawater. Among the high-density poly-
mers, a further classification was made by creating two categories, HD1 
(1.02–1.2 g cm− 3) and HD2 (>1.2 g cm− 3).) (Table S2). No vertical 
gradient was observed in terms of polymer density and compositional 
proportion (Fig. 4A).Low-density polymers (LD) were distributed 
throughout the water column, including deep waters, accounting for an 
average proportion of 40%, while HD1 and HD2 polymers constituted 
16% and 44%, respectively. Overall, the study area exhibited a 
composition of 32% LD and 68% HD polymers across all depths 
(Fig. 4A). 

Moreover, MPs were categorized based on their length into five 
groups: 11–50 μm, 51–100 μm, 101–200 μm, 201–300 μm and >300 μm. 
It was observed that MPs with lengths below 100 μm were more abun-
dant in mid and deep waters, accounting for 70% each, while surface 
water contained 48% of this size category. Interestingly, all the stations 
showed that MPs with sizes below 100 μm accounted for more than 50% 
at all paths, except for stations 6 and 9 in the surface water and station 
10 in the mid-water layer (Fig. 4B). 

The length of MPs did not show significant differences between the 
mid-depth and deep layers, however both exhibited significant differ-
ences when compared to the surface layer (Fig. 5).In particular, the 

percentage of MPs with a size less than 300 μm was recorded as 90%, 
94%, and 95% for the surface, mid-depth, and deep-depth layers, 
respectively (Fig. 5). 

MPs in both deep and mid-water samples were predominantly frag-
ments at all stations, except for St 10 in the mid-water samples, which 
was primarily dominated by fibers (69%).However, in surface waters, 
stations 6, 9 and 14 exhibited a dominance of fibers with percentages of 
70%, 57%, and 82%, respectively. Additionally, the ratio of fiber to 
fragment decreased with increasing depth. Specifically, the ratio was 
0.73 in surface waters, 0.42 in mid-depth, and 0.35 in deep waters. 

In order to achieve a comprehensive and unified understanding of 
MPs found at different depths, Fig. 6 highlights the interrelationships 
amongst their diverse characteristics, including size, shape, polymer 
type, and density of the polymers. For instance, within the deep-depth 
layer, the prevailing composition of small MPs (95.4%) fragments 
(73.1%) primarily comprises polyester (21.4%) and polypropylene 
(23.4%) exhibiting high and low densities, respectively (Fig. 6). 
Furthermore, small MPs fragments were found in surface, mid, and deep 
water at 56.7%, 70.0%, and 73.1%, respectively (Fig. 6). 

4. Discussion 

4.1. Distribution of MPs in the water column in the ocean 

Multiple factors, including mesoscale convective flows, hydrody-
namic stability, precipitation, sedimentation rate, flow rate, and depth 
of the water bodies can influence the distribution and concentration of 
MPs in the aquatic systems (Vega Moreno et al., 2021; Lee et al., 2013). 
In our study, we found a positive relationship between the concentration 
of MPs in the water column and coastal proximity, suggesting an in-
fluence of land sources on the measured MP concentrations (Fig. S3). On 
the other hand, we did not find any influence of wind speed on the 

Fig. 3. A) Average percentage of polymer composition in the different depths combining all the sites.B) The upper panel displays the polymer composition per-
centages based on the number of MPs, while the lower panel shows the estimated polymer composition percentages based on mass estimates.(ABS: Acrylonitrile 
butadiene styrene, AcP: Acrylic paint, Acr: Acrylic, AFP: Antifouling paint, Alk: Alkyd, CE: Cellulose ester, EPR: Epoxy phenoxy resin, MCE: Modified cellulose ester, 
PA: Polyamide, PANF: PAN acrylic fiber, PC: Polycarbonate, PE: Polyethylene, PEEK: Polyether ether ketone, PEI: Polyethylenimine, PAc: Polyacrylamide, PES: 
Polyester, PP: Polypropylene, PS: Polystyrene, PU: Polyurethane, PUP: Polyurethane paint, PVC: Polyvinylchloride). 
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concentration of MPs in the studied stations (Fig. S3). Regarding the 
vertical distribution of MPs, the present study provides the first quan-
tification of the vertical distribution of MPs in Danish marine waters 
across a pycnocline. The vertical distribution of MPs in the ocean varies 
regionally and different patterns have been reported, from a strong 
decrease to an increase in MP abundance with depth (Reisser et al., 
2015; Song et al., 2018; Choy et al., 2019; Tekman et al., 2020). An 
exponential decrease in MP concentration has been found in the North 
Atlantic subtropical gyre (Reisser et al., 2015), but other studies have 
found a higher accumulation of MPs in subsurface waters. For instance, 
higher concentrations of MPs compared to surface water were found in 
mesopelagic waters (200–600) in the offshore waters of Monterey Bay 
(Choy et al., 2019), mid and bottom depths in Korean coastal waters 
(Song et al., 2018) and the beginning of the pycnocline, 10–30 m in the 
Baltic (Uurasjärvi et al., 2021).In contrast, except for one station at the 
Fram Strait from HAUSGARTEN observatory, the near-surface samples 
from all stations had the highest MPs concentrations (Tekman et al., 
2020).These studies and our results for Danish waters confirm that 
although the vertical distribution pattern of MPs can vary regionally, 
MPs are not restricted to surface waters but distributed through the 
entire water column. The current global estimations of plastic pollution 
in the ocean are mainly based on buoyant MPs >300 μm sampled in 
surface waters (Cózar et al., 2014; Eriksen et al., 2014; van Sebille et al., 
2015). The quantification of the vertical distribution of MPs, including 
small-size fractions as conducted here, can help to estimate the amount 
of plastics in the ocean and their fate and potential impacts on the 
pelagic systems. 

4.2. Influence of water column stratification on the vertical distribution of 
MPs 

Water stratification is one of the significant physical factors that 
influence the distribution and sinking rates of MPs within the water 
column (Liu et al., 2020; Uurasjärvi et al., 2021).In the case of the 
Kattegat region, the water column is strongly stratified (Pedersen, 1993; 
Nielsen, 2005; Bendtsen et al., 2009; Lehmann et al., 2022; Ni et al., 
2023).The pycnocline can act as a density barrier and hinder the sinking 
of MPs from surface water to deep waters (Reisser et al., 2015; Isobe 
et al., 2017).There are studies which have found that MPs are trapped at 
the beginning of the pycnocline in the Baltic Sea, showing that the 
change in water density from low to high salinity affects the sinking of 
MPs within the water column (Zobkov et al., 2019; Uurasjärvi et al., 
2021; Zhou et al., 2021).In our study area, we observed no significant 
difference in the concentration of MPs among different water masses 
despite the strong pycnocline present in the Kattegat (Figs. S2 and S4). 
These results align with previous studies conducted by Eo et al. (2021) in 
Korean waters, Zhao et al., 2022 in the South Atlantic Gyre, and Parać 
et al., 2022 in the Eastern Adriatic coast of Croatia. Our sampling in 
mid-waters was generally in the middle of the pycnocline (Fig. 2) and 
not at the beginning of the pycnocline, where the accumulation of MPs 
has been observed in previous studies in the Baltic (Zobkov et al., 2019; 
Uurasjärvi et al., 2021; Zhou et al., 2021). Thus, it may be possible that 
MPs are concentrated only in very thin layers at the beginning of the 
pycnocline. To detect patches and thin layers of MPs in marine waters, 
there is a need for increased resolution of vertical profiles. 

Besides the physical processes and the characteristics of MPs, other 
factors like biological interactions can influence the vertical distribution 

Fig. 4. Proportion (%) of MPs according to their density (A) and size (B) at study sites. High-density polymers (HD) were categorized into HD1 (1.02–1.2 g cm− 3) and 
HD2 (>1.2 g cm− 3).The densities of low density (LD) MPs are <1.02 g cm− 3. 
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of MPs in the ocean. For instance, bacterial biofilms growing on the 
surfaces of MPs can impact their density, weight, and surface charac-
teristics, affecting their sinking rates and promoting their aggregation 
(Zettler et al., 2013; Kooi et al., 2017; Rummel et al., 2017). Ingestion of 
MPs by organisms (Cole et al., 2016) or aggregation of MPs into organic 
detritus (Summers et al., 2018), like marine snow, can promote the 
export of MPs from the surface to deep waters (Porter et al., 2018; 
Galgani et al., 2022). 

4.3. Effect of MPs characteristics on their vertical distribution in marine 
waters 

The sinking rates and vertical distribution of MPs can be influenced 
by the characteristics of the MPs such as density and size. Low-density 
polymers contribute significantly to global plastic production and 
should theoretically be buoyant (Geyer et al., 2017).While it was pre-
viously expected that low-density MPs would predominantly accumu-
late in surface waters, a recent study by Eo et al. (2021) suggested that as 
much as 73% of total MPs in the water column were high-density 
polymers. In our study we similarly observed that high-density poly-
mers constituted a larger share (68%) of the MPs compared to the 
low-density polymers (32%) across all depths. This indicates no direct 
connection between the density of MPs and their vertical distribution 
within the water column (Int-Veen et al., 2021).Most of the MPs found in 
this study were smaller than 300 μm, as previously found in other areas 
in surface waters (Rist et al., 2020).The average size of MPs did not 
statistically differ among water layers. Small MPs (<100 μm) are ex-
pected to have a longer sinking time from the surface to deeper waters 
(Galgani et al., 2022) but are more likely to be trapped within biogenic 
aggregates (Cole et al., 2016; Porter et al., 2018; Bergami et al., 2020; 
Nava and Leoni, 2021), leading to their removal from the water column 
as part of marine snow (Cole et al., 2016; Porter et al., 2018).The 

aggregation and sinking of MPs as part of the marine snow may explain 
how small low-density MPs sink at similar rates as high-density MPs, 
resulting in a lack of relationship between MP density and depth dis-
tribution, as observed here. 

This finding is corroborated by several previous studies that have 
identified low-density small MPs in deep-sea sediments. For instance, in 
the Southern North Sea, polypropylene was the most prevalent polymer 
in sediments (Lorenz et al., 2019). Similarly, a sediment core from 
Balearic Sea exhibited a high abundance of polypropylene and poly-
ethylene alongside polystyrene (Simon-Sánchez et al., 2022).The abys-
sal and hadal sediments of the Kuril Kamchatka trench also showed a 
high prevalence of polypropylene (Abel et al., 2021).Additionally, 
polypropylene was ranked among the six most frequent polymers in the 
sediment from Byfjorden Fjord, Norway (Haave et al., 2019) and in 
sediment from the Fram Strait (Tekman et al., 2020). 

4.4. Polymer composition, shape, and size 

We examined the diversity of polymers present in the water samples. 
A total of 21 different polymer types were detected, comparable to other 
studies in the Baltic Sea areas (Uurasjärvi et al., 2021; Zhou et al., 2021; 
Zobkov et al., 2019). Eo et al. (2021) found 35 synthetic polymer types 
in samples collected in the South Korean continental shelf and deep sea 
area. The three dominant polymers were polyester, polypropylene, and 
polyethylene, which aligned with the results of other studies in different 
regions. For instance, in Southern Ocean, South Georgia, polyester was 
found to be the most polymer type abundant across all depths, followed 
by polypropylene (Rowlands et al., 2023).In the Gulf of Finland, poly-
ethylene and polypropylene accounted for 73% of the identified poly-
mers (Uurasjärvi et al., 2021), while in the Baltic Sea, the dominant 
polymers were polyethylene terephthalate, polyethylene, and poly-
propylene (Zobkov et al., 2019). According to Erni-Cassola et al. (2019), 

Fig. 5. The length distribution of the MP fibers and fragments in the surface, mid, and deep water. “Raincloud plots” (Allen et al., 2019) visualize raw data (points), 
length-frequency distribution (density), key summary statistics of the median, interquartile range (boxplot), and Kruskal-Wallis test between the lengths of samples 
where, ns: no significant, p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, ****: p ≤ 0.0001. 
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low-density polymers like polypropylene and polyethylene were found 
at higher concentrations at the surface, and high-density polymers like 
polystyrene and acrylics were found at higher concentrations in deeper 
waters. However, in our study, we found that the dominant polymers, 
whether they were low-density or high-density, remained consistent 
across different water layers. Nevertheless, we observed the highest 
diversity in polymer composition in mid- and deep waters at certain 
stations (Table S1).Ultimately, the findings suggest that low-density 
polymers end up in the sediments, supporting the idea that material 
density alone does not solely determine the vertical distribution of MPs; 
instead, various complex interactions and processes are at play. 

The shape of the MPs is also a factor influencing their vertical dis-
tribution (Kowalski et al., 2016; Khatmullina and Isachenko, 2017). 
Khatmullina and Isachenko, 2017 studied the settling velocity of vari-
ously shaped particles, including spheres, cylinders, and fishing lines, 
and revealed that the particle shape significantly affects their sinking 
rate. Liu et al., 2020 emphasized that fibrous and fragmented MPs 
accounted for over 90% of the total MPs in most studies, with fibers 
comprising the majority (ranging from 43 to 100%) of MPs particles. 
Interestingly, in our study, we observed that fragments were the pre-
vailing form MPs at all depths, representing 70% of the MPs, which 
aligns with the findings of Song et al., 2018; Eo et al., 2021;Uurasjärvi 
et al., 2021, where fragments were also predominant. The effect of 
particle shape becomes significant only for particles of a specific size, 
namely larger particles where settling is highly influenced by their shape 
(Hazzab et al., 2008; Wang et al., 2021).However, for smaller particles 
with sizes less than 1 mm (equivalent spherical diameter), the shape has 
minimal impact on their sinking rates (Li et al., 2023). 

A size-dependent removal mechanism was noted by Dai et al., 2018, 
who suggested that the proportion of fibrous MPs was lower in subsur-
face waters compared to surface samples, and the numerical proportion 
of MPs <300 μm increased with depth. Similarly, Zobkov et al., 2019 

reported an exponential decrease in MPs size with depth in the Baltic 
Sea. In our study, we found that MPs ranging in size from 11 to 100 μm 
were dominant at all depths, and there were no significant differences 
among the depths. This suggests that the sinking velocity of small MPs is 
very low, causing them to disperse more widely throughout the water 
column; as a result, they remain in the water column without being 
trapped by the pycnocline (Zhao et al., 2022).Interestingly, particles less 
than <100 μm, including MPs are much less influenced by stratification 
(Ardekani and Stocker, 2010; Doostmohammadi et al., 2012; More and 
Ardekani, 2023), which is consistent with our findings. 

4.5. Ecological implications 

The accumulation of MPs in surface waters (e.g., marine litter 
windrows) can increase the risk of marine biota being exposed to plastic 
pollution (Cózar et al., 2021; Campillo et al., 2023).Similarly, pelagic 
organisms living or migrating in the water column can be exposed to 
subsurface layers of high concentrations of MPs, increasing the risk of 
ingestion or the toxic effects associated with plastic pollution in the 
deeper strata (Choy et al., 2019).For instance, the occurrence of MPs in 
mesopelagic organisms living at the depth of peaking plastic concen-
trations was observed to be 100% (Choy et al., 2019).There is increasing 
evidence that small MPs are incorporated into the marine snow (Zhao 
et al., 2018; Galgani et al., 2022).Marine snow can accumulate in very 
thin layers in the Baltic (e.g., 50–55 m) at the beginning of the pycno-
cline, attracting zooplankton (Möller et al., 2012) and increasing the risk 
of ingestion and exposure to MPs. However, our study did not find any 
accumulation layer of MPs. Further investigation on the role of marine 
snow aggregates in the distribution and bioavailability of MPs to pelagic 
organisms is needed. 

Although the ingestion of MPs is relatively high for some pelagic 
organisms (e.g. fish, turtles, Duncan et al., 2019; Kühn and van 

Fig. 6. The alluvial plot illustrates the characteristics of MPs across the different depths of water column encompassing size, shape, polymer, and the density at 
various sampling locations. Vertical sizes of the blocks and the widths of the alluvia are proportional to the counts. In this plot, the deep layer samples are depicted by 
dark blue color spline (alluvium), the mid layer samples are shown in light blue, and the surface layer samples are represented by light green. The thickness of the 
splines correspond to the percentage of their respective stratum. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Franeker, 2020), the concentrations of MPs found in the water column in 
our study area were six orders of magnitude lower than those causing 
adverse effects on plankton based on laboratory exposure studies (>200 
MP mL− 1 for MPs, e.g., Cole et al., 2013; Lee et al., 2013; Setälä et al., 
2014; Jeong et al., 2017; Vroom et al., 2017; Choi et al., 2020; Rodrigues 
et al., 2021).The mass of plastics found in the water column was in the 
order of μg of plastic per m3, which is several orders of magnitude lower 
than the mass of micronized plastics causing toxic leachates effects on 
plankton (Gunaalan et al., 2020; Cormier et al., 2021; Almeda et al., 
2023). In general, with some local exceptions and independently of the 
sampling season, the MP concentration commonly found in marine 
waters is typically <1 MPs L− 1, which is in line with our findings. 
Therefore, our field data suggest a low risk of negative impacts of con-
ventional MPs on the marine plankton food web in the Kattegat. How-
ever, it is important to note that there is a continuous export of MPs to 
the sediments/seafloor since MPs, regardless of their density, size, and 
shape, tend to sink (Woodall et al., 2014; Martin et al., 2022).Therefore, 
benthic organisms may potentially be exposed to higher levels of plastic 
pollution than planktonic organisms. 

5. Conclusions 

The present study is the first investigation of the vertical distribution 
and features of MPs in Danish waters. Our results show that MPs are 
ubiquitous in the water column in the studied area, with an average 
concentration of 53 MPs m− 3 and 47 MPs m− 3 at mid and deep waters 
respectively. Small plastic fragments (<300 μm) of high-density poly-
mers were the dominant MPs across all depths examined. No trend was 
observed between the concentration or polymer composition of MPs and 
the density of the water masses despite the strong stratification. 
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Cózar, A., Echevarría, F., González-Gordillo, J.I., Irigoien, X., Úbeda, B., Hernández- 
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Primpke, S., Gerdts, G., 2019. Spatial distribution of microplastics in sediments and 
surface waters of the southern North Sea. Environ. Pollut. 252, 1719–1729. https:// 
doi.org/10.1016/j.envpol.2019.06.093. 

Martin, C., Young, C.A., Valluzzi, L., Duarte, C.M., 2022. Ocean sediments as the global 
sink for marine micro- and mesoplastics. Limnology and Oceanography Letters 7, 
235–243. https://doi.org/10.1002/lol2.10257. 

Matthews, J.B.L., Buchholz, F., Saborowski, R., Tarling, G.A., Dallot, S., Labat, J.P., 1999. 
On the physical oceanography of the Kattegat and Clyde Sea area, 1996–98, as 
background to ecophysiological studies on the planktonic crustacean, 
Meganyctiphanes norvegica (Euphausiacea). Helgol. Mar. Res. 53, 70–84. https:// 
doi.org/10.1007/PL00012140. 

Michels, J., Stippkugel, A., Lenz, M., Wirtz, K., Engel, A., 2018. Rapid aggregation of 
biofilm-covered microplastics with marine biogenic particles. Proc. Biol. Sci. 285, 
20181203 https://doi.org/10.1098/rspb.2018.1203. 
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