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Floating marine debris is ubiquitous in marine environments but knowledge about 
quantities in remote regions is still limited. Here, we present the results of an extensive 
survey of floating marine debris by experts, trained scientists from fields other than 
pollution or non-professional citizen scientists. A total of 276 visual ship-based surveys 
were conducted between 2015 and 2020 in the Northeast (NE) Atlantic from waters 
off the Iberian Peninsula to the Central Arctic, however, with a focus on Arctic waters. 
Spatiotemporal variations among regional seas (Central Arctic, Barents Sea, Greenland 
Sea, Norwegian Sea, North Sea) and oceanic regions (Arctic waters and the temperate 
NE Atlantic) were explored. The overall median debris concentration was 11 items 
km-2, with considerable variability. The median concentration was highest in the North 
Sea with 19 items km-2. The Nordic seas, except the Central Arctic showed median 
concentrations ranging from 9 to 13 items km-2. Plastic accounted for 91% of all floating 
items. Miscellaneous fragments, films, ropes and nets, packaging materials, expanded 
polystyrene and straps were the most frequently observed plastic types. Although the 
median debris concentration in the Central Arctic was zero, this region was not entirely 
free of floating debris. The variations between regional seas and oceanic regions were 
statistically not significant indicating a continuous supply by a northward transportation of 
floating debris. The data show a slight annual decrease and clear seasonal differences in 
debris concentrations with higher levels observed during summer. A correlation between 
debris concentrations and environmental and spatial variables was found, explaining 
partly the variability in the observations. Pollution levels were 500 times lower than those 
recorded on the seafloor indicating the seafloor as a sink for marine debris. The Arctic was 
characterised by similar pollution levels as regions in temperate latitudes highlighting that 
Arctic ecosystems face threats from plastic pollution, which add to the effects of rapid 
climate change.
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INTRODUCTION

Marine debris refers to “any solid, manufactured or processed material disposed of or abandoned in 
marine environments” (UNEP, 2005). By definition, this comprises materials such as glass, metal or 
processed wood. However, plastics account for the great majority of marine debris in most regions of 
the oceans (Bergmann et al., 2017b). Global plastic emissions from land into aquatic environments 
were estimated at 19 – 23 million metric tons (MMT) in 2016, which constitute 11% of the annual 
global plastic production and are projected to reach up to 90 MMT by 2030 under current growth 
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trajectories (Borrelle et  al., 2020). Its accumulation in the 
environment is poorly reversible, especially in the aquatic 
realm, where it affects biogeochemical processes, habitats 
and species and has societal impacts (MacLeod et al., 2021). 
Since plastic production has outpaced the global capacity for 
monitoring and governance, plastic pollution, along with 
other man-made contaminants, is assumed to exceed safe 
planetary boundaries (Persson et al., 2022).

More than 2,000 marine species have been reported to 
encounter plastics in their natural habitats (Tekman et  al., 
2022). The severity and type of impact is mostly evaluated in 
relation to the size of the plastic debris. For example, there 
is still debate about the effects of microplastic (< 5mm) on 
marine organisms because of unrealistically high particle 
concentrations applied in many laboratory experiments 
(Koelmans et  al., 2022). On the contrary, the effects of 
interactions with macroplastics are well-established. 
Entanglement with and ingestion of macroplastics can cause 
suffocation, restrained mobility, obstruction, false sense of 
satiety and, ultimately, also the death of marine organisms 
(Kühn and van Franeker, 2020; Tekman et al., 2022). Because 
of continuous campaigns by NGOs driven by the intensive 
scientific research efforts in recent years, plastic pollution has 
become widely acknowledged as a global threat. Accordingly, 
the fifth United Nations Environment Assembly adopted a 
resolution to negotiate a legally binding global treaty by 2024 
to combat plastic pollution (Bundela et al., 2022).

An estimated amount of more than 5 trillion plastic pieces 
are floating at the surface of the oceans (Eriksen et al., 2014). 
Floating marine debris is known to accumulate in subtropical 
gyres (Lebreton et al., 2018), enclosed basins (Everaert et al., 
2020), or coastal margins (Olivelli et  al., 2020). However, 
relatively little is known about concentrations of floating 
marine debris over vast stretches of the open ocean, especially 
in remote geographic regions such as the polar oceans 
(Bergmann et al., 2022). Recent surveys revealed substantial 
amounts of marine debris on Arctic beaches (Bergmann et al., 
2017a; Falk-Andersson et al., 2019; Haarr et al., 2020) and on the 
deep Arctic seafloor (Parga Martínez et al., 2020). Meanwhile, 
it has been well established that polar regions have become 
significantly polluted by plastics and that direct land-based 
input is only one part of the problem (Bergmann et al., 2017a; 
Suaria et al., 2020). The Arctic Ocean is connected to the global 
oceanic circulation system via the Bering Strait, the Canadian 
Arctic Archipelago, Davis Strait, Fram Strait, and the entrance 
to the Barents Sea (Beszczynska-Möller et  al., 2011). This 
complex circulation pattern complicates the identification of 
sources and pathways of Arctic plastic pollution. Nevertheless, 
a decade of intense research highlighted the high contribution 
of sea-based input (Bergmann et  al., 2017a; Węsławski and 
Kotwicki, 2018), long-distance transport (Cózar et al., 2017), 
and deposition and accumulation on the seafloor (Parga 
Martínez et al., 2020).

A wide variety of sampling and analysis methods are used 
to investigate the distribution of floating debris. Neuston nets 
have been widely used, yet this method allows to sample only 
a limited surface area for macroplastic and requires dedicated 

ship time (Ryan et  al., 2020). Floating marine debris has 
also been reported from aerial surveys or satellite imagery 
(Pichel et  al., 2007; Bergmann et  al., 2016; Lebreton et  al., 
2018; Biermann et  al., 2020; Unger et  al., 2021). However, 
small items are easily missed by these methods. On visual 
ship-based surveys, trained observers (Chiu et  al., 2020) 
can quantify and characterise floating debris even without 
specific scientific expertise. These surveys can be conducted 
opportunistically from virtually any kind of ship, including 
ferries (Campana et  al., 2018) or pole-and-line tuna fishing 
boats (Chambault et al., 2018). However, survey locations are 
bound to the ship’s route and dependent on the availability 
of observers and conditions (Chambault et  al., 2018; Gutow 
et  al., 2018; Connan et  al., 2021), which can induce bias in 
surveyed regions. Moreover, different qualification and 
characterisation criteria can impede the comparability of 
debris concentrations among studies.

Standardised sampling campaigns by citizen scientists 
have been widely used to assess marine debris pollution 
(e.g. Hidalgo-Ruz and Thiel, 2015; Nelms et  al., 2017; Falk-
Andersson et  al., 2019; Haarr et  al., 2020; Gacutan et  al., 
2022). Even in the remote Arctic, the distribution of marine 
debris was reported based on the data and samples collected 
by trained non-professionals or local people (Bergmann et al., 
2017a; Bergmann et al., 2019; Bourdages et al., 2020; Ershova 
et al., 2021). Unlike public campaigns for beach debris, visual 
surveys of floating debris by citizen scientists (Chiu et  al., 
2020) are not common. Currently, the OSPAR marine debris 
monitoring program for the Northeast (NE) Atlantic involves 
beach surveys as well as quantification of ingested plastics 
by northern fulmars (Fulmarus glacialis) in the North Sea 
only. Extending the program by standardized quantifications 
of floating marine debris by ship-based visual surveys could 
fill some blind spots, and promote environmental awareness, 
especially if citizen scientists were involved in data collection. 
Accordingly, a recent experimental evaluation of visual 
surveys in the Mediterranean Sea suggested a standardisation, 
which considers the potentially confounding effects of ship 
type, speed, survey effort, size detection limits, observer 
experiences and weather conditions on the results (Arcangeli 
et al., 2020).

In the present study, we investigate the spatial and temporal 
distribution of floating marine debris in the NE Atlantic and 
Arctic Ocean by ship-based visual surveys partly conducted 
by citizen scientists during ten expeditions between 2015 and 
2020. The effect of spatial, annual and seasonal variations 
on debris concentrations as well as on size and material 
compositions of floating anthropogenic items in Arctic waters, 
in the temperate NE Atlantic and in the regional seas (Central 
Arctic, Barents Sea, Norwegian Sea, Greenland Sea, North 
Sea) were explored. Specific environmental variables were 
tested for their potential to control the distribution of floating 
marine debris. Moreover, debris captured opportunistically in 
pelagic and bottom trawls around Svalbard and hand-picked 
floating plastics from the Fram Strait provided additional 
information regarding the origin and distribution of marine 
debris in Arctic waters. Finally, the floating debris data 
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gathered in the Greenland Sea were compared with quantities 
reported from the seafloor in the same study region to identify 
potential sinks of plastic debris in this area and help answering 
the question ‘Where is all the plastic?’ (Thompson et al., 2004; 
van Sebille et al., 2015).

MATERIAL AND METHODS

Visual Surveys
A vessel-based surface observer programme (visual surveys) 
was conducted in the Northeast (NE) Atlantic between 2015 
and 2020 during ten expeditions of the German research vessels 
Heincke, Maria S. Merian and Polarstern, and the sailing vessel 
Antigua (Figure 1). The amount of floating debris was assessed 
from the moving ship (average speed ± SD: 9.4 ± 2.2 kn) during 
times of daylight whenever the weather and sea conditions 
were suitable for the observers to perform a visual survey and 
the waves were deemed not too high to submerge debris items. 
In addition to marine debris experts, trained scientists from 
fields other than marine pollution and non-professional citizen 
scientists composed of cruise tourists and crew of SV Antigua 
were carefully instructed and conducted surveys to increase the 
spatial coverage. The surveys were conducted by one observer, 

unless a practical training was required for others. A total of 276 
visual surveys was conducted (Table S1). Overall, the duration of 
each survey was approximately 1 hour (average ± SD duration:  
59 ± 16 minutes). Sometimes it had to be shortened when the 
ship stopped for station work, or due to deteriorating weather 
and sea conditions.

During surveys, a strip width of 10  m next to the ship 
starting behind the bow wave of the research vessel was 
inspected for floating items. Since SV Antigua is a relatively 
small vessel, the bow wave was negligible and the strip width 
was recorded for each transect depending on weather, wind 
conditions and visibility. The position of the observers 
above the sea level varied between 3 m (SV Antigua), 5.5 m 
(RV Heincke), 7.2  m (RV Maria S Merian) and 7.5  m (RV 
Polarstern). Each floating item was noted in protocol forms 
(see Supplementary Material). Objects seen in the distance 
outside the observation corridor were recorded but omitted 
from the analysis. A handheld Global Positioning System 
(GPS) device was used to record the position of the observer 
and the time of each observation. Aggregations of debris 
were observed occasionally. For some of these aggregations 
the abundance of floating debris was estimated. For two 
aggregations, “several dozen” were recorded in the protocols 
and to be conservative, the number of anthropogenic items 
was considered as 12 for the analysis. For three aggregations, 
no quantitative information was given. They were thus treated 
as single items.

The survey tracks (transects) of research cruises were 
extracted from the ships’ position acquisition system 
(D-SHIP) at one-minute intervals. The coordinates were 
imported into ArcMap 10.6.1, converted into line features 
and the geodesic length of each transect was computed using 
the “Add Geometry” function. For the SV Antigua cruise, all 
available waypoints and observations were utilised to estimate 
the lengths of the transects. The area covered by each survey 
was calculated by multiplying the length of the transect with 
the strip width, and debris concentrations were expressed 
as (number of) items per km2. On cruises SV of Antigua, 
HE451.1 and PS99.2, the observers managed occasionally to 
take images of floating items.

Categorization of the Floating Items
Whenever possible, floating debris items were characterised 
in terms of material, plastic type or usage, size and colour. 
In case of uncertainty, or if the detail of the object was not 
recorded, the information was categorised as “not available” 
(N/A). The material was categorised as plastic, rope and nets, 
glass, metal, timber, organic or paper (including cardboard). 
Ropes and nets were considered in a separate material 
category although FTIR measurements of beached nets and 
ropes from Svalbard showed that all items were made of plastic 
(Meyer, 2022). Additionally, plastic items were recorded 
according to type or usage (e.g., fragment, film, box, bottle, 
packaging). Films, foils, sheets and bags were assigned to the 
same category. Identification of floating items from a moving 
ship is challenging, especially for non-experts, because the 

FIGURE 1 |   Location of visual surveys conducted in the study area between 
2015 and 2020. Each circle corresponds to a visual survey. Marine regions 
are discerned by different colours. The Arctic Ocean boundary of the Arctic 
Monitoring & Assessment Programme (AMAP) divides the Arctic waters from 
the temperate Northeast Atlantic. The close-up map shows the AMAP Arctic 
Ocean boundary and the OSPAR Northeast Atlantic boundary within the study 
region.
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observers have only a few seconds to observe and record the 
items. Therefore, pre-defined categories of plastic items were 
not used and the observers were instructed to record as many 
details of the floating objects (material, type, usage, shape, 
size) as possible, which were then evaluated and grouped 
during the data analysis.

Items were categorised according to their estimated 
sizes as small (– <10cm), medium (10≤ x ≤ 50cm) or large 
(>50  cm) to allow for a comparison of the size distribution 
of debris items from the sea surface (this study) and the deep 
seafloor (Bergmann and Klages, 2012; Tekman et  al., 2017; 
Parga Martínez et  al., 2020). The minimum size of floating 
debris recorded by the observers was 1 cm. Objects partly or 
completely submerged were marked in the protocols except 
for expedition PS99.1. Occasionally, the observers noted the 
fouling status of plastics, especially for strongly bio-fouled 
items. Along with anthropogenic items, natural flotsam was 
recorded during 173 surveys.

Environmental Parameters
Together with the ship positions, environmental parameters 
were obtained from the D-SHIP data acquisition system 
at one-minute intervals. The average values of salinity, 
chlorophyll a, air and water temperature and wind speed were 
obtained for each transect in order to explore the relationships 
between the debris distribution and environmental variables. 
These parameters were not available for RV Maria S. Merian 
(MSM77 and MSM95 expeditions) and SV Antigua cruises. 
In total, the relationships with environmental variables 
were explored for 211 transects. Longitude, latitude, ship 
speed and distance to the nearest point at the European 
coastline (EEA, 2015) were also tested. The distances were 
calculated with the “Near” tool of ArcMap 10.6.1 by selecting  
the geodesic length.

Marine Regions
To evaluate regional variations in debris concentrations, 
the transects were assigned to regional seas as suggested for 
the world marine regions (NE, 2019) using ArcMap 10.6.1 
(Figure  1). The analyses were performed for the Central 
Arctic, Barents Sea, Greenland Sea, Norwegian Sea, North Sea 
and North Atlantic sector. The four transects in waters off the 
Iberian Peninsula and English Channel were grouped within 
the North Atlantic sector for statistical analyses (Figure  1). 
Additionally, the transects were grouped according to their 
position relative to the Arctic Ocean boundary of AMAP 
(AMAP, 2013) and median concentrations were calculated 
for Arctic waters (OSPAR Region I) and for the temperate NE 
Atlantic (OSPAR Region II – IV) (OSPAR, 2016). All maps 
were produced using ArcMap 10.6.1.

Statistical Analysis
Univariate statistical analyses were performed using Sigmaplot 
14.0. Normality tests revealed that concentrations of debris and 
natural objects were not normally distributed (Shapiro-Wilk:  

P < 0.050). Accordingly, these parameters were displayed as 
median values for the regional seas and for the oceanic regions 
(i.e., Arctic waters and the temperate NE Atlantic Ocean). 
Minimum and maximum values as well the first and third 
quartile were given as measures of variability. A Kruskal-
Wallis One Way Analysis of Variance on Ranks was performed 
to explore overall differences in debris concentrations between 
regional seas, oceanic regions, years, seasons and different 
ships. A significant difference in the debris quantities recorded 
from different ships could indicate that its size and thus the 
distance between an observer and a floating item affects the 
results. In case of significant differences, Dunn’s post-hoc test 
was used to perform pairwise comparisons. The correlations 
between the concentrations of debris and natural objects as 
well as between debris concentrations and environmental 
variables were tested by a Spearman’s rank order correlation 
test. The proportions of the materials (combined with types/
usages of plastic items), size groups and colours within the 
regional seas were calculated to check for possible patterns.

Multivariate statistical analyses were performed using 
PRIMER-e version 6.1.16 and PERMANOVA 1.0.6. Spatial and 
temporal differences in material, size and type compositions 
were investigated with permutational multivariate analysis 
of variance (PERMANOVA) using a two-way crossed design 
of fixed factors (‘regional sea’ × year and ‘oceanic region’ × 
year). PERMANOVA is robust against zero inflation and 
deviations from a normal distribution of the data (Anderson 
and Walsh, 2013). Bray-Curtis resemblance matrices were 
created from 4th-root transformed debris concentrations 
per km-2. Subsequently, a PERMANOVA routine with 999 
permutations with sums of squares type of Type III was 
carried out to test for differences in the material and size 
compositions. For PERMANOVA analyses, plastic and ropes 
(including nets) were considered as separate categories. The 
PERMANOVA for comparison of the plastic type/usage 
compositions revealed inconsistent results when the N/A 
category was either included or excluded. Therefore, the 
plastic type/usage composition was not analysed statistically. 
Differences were explored between the regional seas (Central 
Arctic, Barents Sea, Greenland Sea, Norwegian Sea, North 
Sea, North Atlantic sector) and oceanic regions (Arctic waters 
and the temperate NE Atlantic) combined with sampling years 
(2015 – 2020) and seasons (spring, summer and autumn). 
Moreover, a PERMANOVA was performed to assess the 
effects of different ships on the material and size compositions 
by using the vessel as a fixed factor. In case of significant 
differences, pairwise comparisons were conducted to identify 
differences between individual factor levels. Additionally, 
similarity percentage (SIMPER) analyses were performed to 
quantify the contribution of each material or size group to the 
dissimilarity between factor levels.

Principal coordinates analysis (PCO) was applied using 
PRIMER-e to visualise the environmental variables of a 
priori defined regional seas. Multivariate multiple regressions 
between environmental variables and the material and size 
compositions and environmental parameters were explored 
using the distance-based linear model (DistLM) routine 
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of PRIMER-e after checking autocorrelations between 
environmental parameters with a Draftsman plot to avoid 
multi-collinearity. The average values of environmental 
parameters were normalised and marginal tests were run with 
999 permutations to identify correlations between resemblance 
matrices of environmental variables and materials and size 
classes. The “Best” selection procedure based on the “Akaike 
information criterion (AIC)” was selected to find the best fitting 
regression models. Relations were visualised with distance-based 
redundancy analysis (dbRDA).

Opportunistically Collected  
Physical Samples
During research cruise HE451.1 around Svalbard (Mark, 
2015), debris items were retrieved from a fish lift that was 

connected to a juvenile fish trawl (Holst and McDonald, 
2000) (Figure S1). A fish lift is an aquarium at the trawl cod 
end, aiming to capture the fish unharmed by minimising the 
turbulence inside. The fish lift was deployed for 15 minutes 
at depths, where fish schools had been detected by a Simrad 
EK60 hydro-acoustic system. Debris items were retrieved 
from the fish-lift samples taken in the south of Hinlopen 
Strait at 56  m depth, in Kongsfjorden at 30  m depth and in 
Billefjorden during four deployments at 150 – 160  m depth 
and from bottom trawls conducted in Billefjorden to assess 
fish stocks around Svalbard. The bottom trawl samples were 
not systematically screened for marine debris. Debris sorted 
from fish-lift and bottom trawl samples was photographed. 
In addition, during cruise PS99.2, floating plastic items were 
collected in Fram Strait (~79.07N, 4.34E, 12/07/2016) from an 
inflatable boat.

TABLE 1 | Concentrations of floating marine debris in different regions, years and seasons.

  Year Total 
transect 
count 
(N)

Total 
observation 
Time (h)

Surveyed 
distance 
(km)

Surveyed  
area (km2)

Total 
debris 
count 
(items)

Plastic 
(%) *

Median 
concentration 
(items km-2)

Minimum 
(items 
km-2)

Maximum 
(items km-2)

1st quartile 
(items 
km-2)

3rd quartile 
(items 
km-2)

Ocean Arctic waters 2015-2020 247 244 4264 42.14 989 91 11 0 356 0 29
Temperate NE 
Atlantic

2015-2020 29 29 529 5.20 160 93 11 0 117 0 32

Region Central Arctic 2015 2 2 25 0.25 8 63 32 30 35 31 34
2016 8 7 87 0.78 22 100 0 0 178 0 30
Total** 10 9 113 1.03 30 90 0 0 178 0 34

Barents Sea 2015 3 3 48 0.48 2 0 0 0 11 0 6
2016 6 5 102 1 105 98 38 11 275 15 112
Total** 9 8 150 1.48 107 96 13 0 275 11 56

Greenland Sea 2015 7 7 94 0.94 19 89 19 0 49 0 31
2016 52 57 986 9.69 313 88 18 0 356 3 48
2017 51 51 836 8.36 130 98 8 0 80 0 16
2018 13 11 226 2.26 26 96 8 0 107 0 11
2020 7 7 94 0.94 13 100 5 0 60 0 14
Total** 130 133 2,236 22.18 501 91 9 0 356 0 29

Norwegian Sea 2015 1 2 28 0.28 2 50 7 7 7 7 7
2016 51 46 862 8.35 184 86 16 0 115 6 28
2017 38 38 724 7.24 154 92 13 0 162 4 28
2018 4 4 67 0.67 14 93 20 7 36 15 25
2020 7 6 136 1.36 4 100 0 0 9 0 5
Total** 101 96 1,817 17.9 358 89 13 0 162 4 27

North Sea 2016 20 20 377 3.75 127 93 18 0 116 0 36
2020 2 2 37 0.37 5 100 13 0 25 6 19
Total** 22 22 414 4.12 132 93 19 0 116 0 34

North Atlantic 
sector

2017 4 4 63 0.63 21 90 10 0 117 7 38

Year 2015 13 14 195 1.95 31 74 11 0 49 0 31
2016 137 135 2,414 23.57 751 90 16 0 356 0 42
2017 93 93 1,623 16.23 305 94 9 0 162 0 20
2018 17 15 293 2.93 40 95 8 0 107 5 17
2020 16 15 267 2.67 22 100 2 0 60 0 10

Season Spring 2015-2020 12 13 196 2 72 1 10 – 117 0 39
Summer 2015-2020 107 106 1,888 19 640 1 26 – 356 9 50
Autumn 2015-2020 157 153 2,709 27 437 1 6 – 275 0 16

Grand Total*** 276 273 4,793 47.35 1,149 91 11 0 356 0 30

*The proportion of plastic items including ropes and nets are shown in the “Plastic” column as the percentage of the total debris count within the given category.
**“Total” shows the overall value of the corresponding column for all sampling years in a region.
***“Grand Total” represents the overall value of the corresponding column for all sampling years and regions 
Concentrations are presented as median, minimum, 1st quartile, 3rd quartile and maximum values. All concentrations are given as number of items (N) km-2.
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RESULTS

Spatiotemporal Distribution of  
Floating Objects
A total of 276 visual surveys were conducted over 272.5 hours 
covering a total length of 4,793 km and an area of 47.35 km2 
(Table 1 and Figure 2). A total of 1,149 anthropogenic items 
were observed on 191 transects while no debris was detected 
on 85 transects. This total amount includes aggregations of 
anthropogenic items observed on three transects, for which 
the number of items was estimated as 30, 30 and 50, while 
three aggregations observed during the SV Antigua cruise were 
counted as single items. Debris concentrations did not vary 
significantly between regional seas (Kruskal-Wallis: H = 2.9,  
P = 0.712), oceanic regions (H = 0.160, P = 0.689) and different 
ships (H = 2.8  P = 0.428) when the data were consolidated 
for years and seasons. The overall median concentration 
of all transects conducted in this study was 11 items km-2 
and ranged from 0 to 356 items km-2, with the highest 
concentration recorded on a transect in the Greenland Sea off 
Longyearbyen, Svalbard (Table 1 and Figure 2). The highest 
annual median debris concentration of 38 items km-2 was 
recorded in the Barents Sea in 2016. For all sampling years 
combined, the North Sea showed the highest median debris 
concentration (19 items km-2) of any region, while a median 

value of zero was obtained for the Central Arctic transects. 
In Arctic waters and in the temperate NE Atlantic Ocean, the 
median concentrations across all years were 11 items km-2 
each.

The overall debris concentration decreased slightly over the 
study period (Figure S2, linear regression: r2 = 0.024; Analysis of 
Variance of the regression model: F = 6.81, P = 0.010). Accordingly, 
the debris concentrations varied significantly between years  
(H = 13.2, P = 0.010) with higher concentrations in 2016 than in 
2020 (Table 1, Dunn’s post-hoc: Q = 2.825, P = 0.047). Moreover, 
the overall debris concentration varied seasonally (H = 42.8,  
P < 0.001) with higher concentrations in summer than in 
autumn (Q = 6.3, P < 0.001). Generally, debris concentrations 
in summer were about three to four times higher than in the 
other seasons (Table 1).

2,645 natural floating objects from 173 transects comprised 
items such as bird feathers, seaweed, patches of the ice alga 
Melosira sp., natural wood, a bird carcass and leaves. The 
overall median concentration of natural flotsam was 31 items 
km-2 with a range of 0 – 817 items km-2. Seaweed was the most 
abundant natural flotsam with a median of 18 items km-2 
(range: 0 – 462 items km-2). All other natural objects were 
rare (median of 0 items km-2). A weak positive but significant 
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C

A

FIGURE  3 | Proportions of debris items according to material, type or 
usage (A), size (B) and colour (C) groups. The values refer to proportions 
(%) within a region and the whole study area (TOTAL). The percentages in 
(A) above the bars represent the proportion of total plastic items. “N/A” 
refers to the proportion of the total observed debris within a region and/or 
category, for which the corresponding detail was not identified. Other plastic 
items included: bottle, cup, box, buoy/ball, cartridge, chip, cigarette bud, 
container, sanitary towel, disc, glove, grid, handle, helmet, hose, lid, paint 
container, photo, printed label, ribbon, ring, rubber, ship paint, sponge, stick,  
traw, syringe, tube, cotton bud.

FIGURE 2 | Concentrations of anthropogenic debris (number of items km-2) 
recorded in visual surveys in the Central Arctic, Barents Sea, Greenland Sea, 
Norwegian Sea and North Sea. The four southern transects in the North 
Atlantic region are not shown to improve the scaling of the maps. The sizes 
of the bubbles are proportional to the debris concentrations of the transects. 
Crosses denote transects with zero records
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correlation was found between the concentrations of debris 
and natural items (Spearman: ρ = 0.29, P < 0.001) and between 
plastics and seaweed (ρ = 0.39, P < 0.001).

Composition of Floating Debris
A total of 1,046 plastic items, including ropes and nets accounted 
for 91% of all debris items recorded (Figure 3). Other types of 
anthropogenic items included glass, timber, metal, paper, organic 
waste (28 items, 3%). Six percent (73 items) of the debris could 
not be assigned to any material category (N/A). However, 33 of 
these unidentified items (i.e., 3% of all debris items) were noted 
as “potential plastic items”. Types or usages could be identified 
for 62% or 651 of the plastic items. The contribution of plastic to 
the total floating debris concentration was highest in the Barents 
Sea (96%) and lowest in the Norwegian Sea (89%). The most 
frequently observed plastic items were fragments, films, ropes 
and nets, packaging materials, expanded polystyrene and straps 
(Figure 4).

Size was classified for 90% or 1,039 of the 1,149 debris items 
(Figure 3). Medium-sized items dominated in the study area (532 
items, 46%), followed by small-sized (440 items, 38%) and large-
sized (67 items, 6%) items. Small items constituted the largest 
fraction in the Barents Sea with 66% (71 out of 107 items) and 
in the North Sea with 49% (65 out of 132 items, 49%) whereas 
medium-sized items dominated in the Central Arctic, Greenland 
Sea, Norwegian Sea and on transects in the temperate Northeast 
(NE) Atlantic. Among these, the Central Arctic had the highest 
fraction of medium-sized items (25 out of 30 items, 83%).

The multivariate PERMANOVA identified a statistically 
significant interactive effect of regional seas and sampling year 
suggesting significant differences in the annual dynamics of the 

material and size composition among the regions (Table S2). In 
2016, the Central Arctic differed from the Norwegian, Greenland 
and Barents Seas in the material and size composition of the 
floating debris (Table S2). The SIMPER analyses revealed that the 
higher abundances of plastics, ropes and nets in the Norwegian, 
Greenland and Barents Seas accounted for more than 60% of the 
dissimilarity in the material composition in the Central Arctic. 
Differences in the concentrations of small- and medium-sized 
items accounted for more than 80% of the dissimilarity between 
the Central Arctic and other regions and was primarily due to 
the low quantities in the Central Arctic. In 2017, the Norwegian 
and Greenland Seas differed in the material types of debris 
(Table S2). No annual or spatial variations could be found by 
the corresponding analysis for Arctic waters and the temperate 
NE Atlantic. The PERMANOVA for different ships did not show 
any significant effect on the material and size compositions 
(Table  S2).

At both spatial scales of the regional seas and the oceanic 
regions, seasonal variations were evident (Table S2). The material 
and size composition in summer differed from the composition 
in autumn and spring (Table S2) due to higher abundances of 
plastics. However, a significant interaction with seasonality was 
only observed for the oceanic regions in material composition 
(Table S2) suggesting differences in the temporal dynamics in 
debris composition among the two oceanic basins but not among 
regional seas.

Colour information was recorded for 81% or 935 of all items. 
Almost half of the items were white (49% or 560 items), 46% 
(530 items) of which being plastics (Figure  3). Another 14% 
(164 items) were transparent, yellow or blue. Other colours 
accounted for 14% (161 items). Except for the submerged items 

A B

D E F

G H

C

FIGURE 4 | Photographs of floating plastic items observed during RV Polarstern cruise PS99.1 (A), PS99.2 (B–G) and SV Antigua (H). (A) Tetra Pak (credit: Christoph 
Le Gall). (B) White plastic sheet. (C) Red-coloured hard plastic item and fouled rope. (D) Heavily colonised plastic sheet. (E) Plastic lid. (F) Single-use container (G) 
Piece of cardboard packaging. (H) A bundle of tangled plastic straps (credit: Birgit Lutz). The original images can be found in the Supplementary Material.
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within the aggregations, 105 single items (9%) floated partially 
or completely below the surface. In the aggregations, submerged 
items were noticed but not quantified. Forty-four items (4%) 
were recorded with obvious signs of bio-fouling.

Correlation With Environmental and 
Spatial Variables
The principal coordinates of the environmental parameters 
confirmed variations in several variables between the regional 
seas (Figure S3). The debris concentration had a weak significant 
positive correlation with salinity (Figure S4; ρ = 0.29, P < 0.001), 
and a weak significant negative correlation with wind speed 
(Figure S5; ρ = -0.26, P < 0.001) and distance to the nearest 
European coast (Figure S6; ρ = -0.25, P < 0.001).

According to distance-based linear model, material and size 
compositions of the floating debris correlated significantly with 
all tested environmental parameters and ship speed, latitude, 
and distance to the nearest European coast (Tables S3, S4, 
respectively). Air temperature was excluded because of a strong 
autocorrelation with water temperature (correlation coefficient > 0.9).  
For the material and size compositions, the multivariate 
regression models of salinity, water temperature, wind and 
ship speed and nearest distance to the European coastline were 
selected as distance-based linear models (Figure S7, r2 = 0.21, 
AIC = 1,420, and Figure S8, r2 = 0.23, AIC = 1,439, respectively), 
which explained 21% and 23% of the variation, respectively.

Characterization of Collected Debris Items
Nine plastic items were obtained from six fish-lift samples 
around Svalbard. One transparent plastic fragment was found 
inside a jellyfish captured in the south of Hinlopen Strait at a 

depth of 56 m (Figure 5A). A yellow fragment was collected in 
Kongsfjorden at 30 m depth. The remaining items were recovered 
from four fish-lift deployments made at ~160 m depth, 0 – 11 m 
above the Billefjorden seafloor (Figures 5B–H). The items from 
Billefjorden were strongly weathered except for the fisheries ropes 
(Figures 5G, H) and a transparent plastic fragment (Figure 5B). 
Moreover, a strongly fouled leather shoe was retrieved from a 
bottom trawl at Billefjorden (Figure 5I).

A fisheries glove, a kefir Tetra Pak manufactured in Latvia, 
two pieces of buckets and a bundle of ropes entangled with a 
transparent soft fragment (Figures 6A–F) were collected by hand 
in the Fram Strait. One box fragment was densely colonised by 
filamentous seaweeds and hydrozoans and hosted a rafting 
isopod of the genus Idotea and a cf. Dendronotus sp. nudibranch 
(Figures 6G, H).

DISCUSSION

Spatial Distribution
The aim of this study was to quantify the pollution of floating 
macro-debris in Arctic and Northeast (NE) Atlantic waters. 
Our results highlight that floating marine debris, mainly 
plastics, is widespread in the North as it was observed on 69% 
of the transects. While the whole study area of 47.35 km-2 was 
covered to a considerable spatial extent by visual ship-based 
surveys, the availability of ship transit time and the fixed cruise 
program resulted in an unbalanced distribution of surveys 
among the regional seas. For example, most surveys in 2016 
and 2017 were located in the Greenland and Norwegian Seas 
and overall, only 11% of the total surveyed area was located 
south of the Arctic Ocean boundary. The median debris 
concentration in the whole study area ranged from zero to 356 
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FIGURE 5 | Photographs of debris items found in pelagic and bottom trawls during RV Heincke expedition around Svalbard in 2015. (A) Transparent plastic fragment 
secured from a jellyfish caught at 56 m depth in the Hinlopen Strait; (B–H) plastic debris collected from fish lift samples taken above the seafloor of Billefjorden; (I) 
weathered leather shoe collected by a bottom trawl in Billefjorden.
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items km-2. The highest concentration in Arctic waters was 356 
items km-2 and 117 items km-2 in the temperate NE Atlantic.

Most polar seas showed similar median concentrations 
of floating marine debris ranging from 9 to 13 items km-2, 
except for the Central Arctic. In 2016, when half of all visual 
surveys were conducted, no floating debris was observed on 
75% of the transects in the Central Arctic, leading to a median 
concentration of zero for this region. While a total survey 
area of 0.8 km2 is hardly representative for the whole of the 
Central Arctic, it could still be argued that a low probability 
of encountering floating marine debris in this region can be 
assumed since no debris was observed during six out of eight 
transects beyond 80° N. The observers occasionally reported 
sea ice at a coverage of 50 – 100% of the sea surface during 
the surveys without any debris sighting. Similarly, Bergmann 
et al. (2016) did not record any flotsam on transects with sea 
ice. While the presence of sea ice clearly affects debris counts, 
we do not yet know the fate of floating macro-debris during 
ice formation or when encountering ice floes. Debris items 
could become either submerged, or pushed aside, crushed/
fragmented or entrained in sea ice. As with driftwood (Murphy 
et  al., 2021), plastic items could then be carried with the sea 
ice, which is known to transport microplastic entrapped from 
the water (Peeken et al., 2018; Hoffmann et al., 2020). Clearly, 
the interaction and fate of macroplastics encountering sea ice 
merits further investigation. Still, occasional records of floating 
marine debris (Aliani et al., 2020) and even a large aggregation

Previous visual surveys on the quantity of floating marine 
debris in the Arctic Ocean yielded densities of 0.006 items km−1 
in the Greenland Sea and 0.004 items km−1 in the Barents Sea 
(Bergmann et al., 2016). Those concentrations are substantially 
lower than the 0.09 to 0.13 items km−1 (Table 2) counted in the 
same regional seas in our study, potentially because Bergmann et 
al. (2016) reported only floating items larger than 20 cm, which 
were recorded as a by-product of seabird and mammal surveys 
conducted at a greater distance from the forward-looking ship’s 
bridge or a helicopter, while we specifically targeted any item 
visible from the rail of the moving vessel. Pogojeva et al. (2021) 
detected no debris in Siberian waters but reported 0.92 items 
km-² in the Barents Sea. Again, we measured a 14 times higher 
median concentration of 13 items km-2 (Table 1) in the Barents 
Sea, suggesting substantial temporal and/or spatial variations in 
floating marine debris amounts.

Floating marine debris has been quantified visually in various 
regions of the world’s ocean (Table  2). Low concentrations of 
floating debris were recorded in the Southern Ocean (0.021 – 
0.58 items km-2) (Ryan et al., 2014; Suaria et al., 2020). Ryan et al. 
(Ryan, 2014) reported an average concentration of floating marine 
debris of 6.2 items km−2 in the South Atlantic between Cape Town 
and Tristan da Cunha, suggesting that this area represented the 
southern edge of a large accumulation zone. Concentrations of 
3 – 14 items km-2 were reported from the Southern Indian Ocean 
(Connan et al., 2021) and 9 items km-2 from the Bay of Bengal 
in the Northern Indian Ocean (Ryan, 2013). Floating marine 
debris concentrations in the Mediterranean Sea ranged from 15 
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FIGURE 6 | Photographs of plastic debris hand-picked from the sea surface in Fram Strait in 2016: (A) a bundle of tangled ropes, (B) a transparent soft fragment 
that had been entangled with the ropes, (C) fisheries glove, (D) a Kefir Tetra Pak manufactured in Latvia, (E) bucket fragment, (F) fragment of a more than 20-year-
old bucket of the paint manufacturer Glidden, a piece of a plastic box that was densely colonised by hydrozoans and algae with (G) a rafting isopod Idotea sp. and 
(H) a nudibranch cf. Dendronotus sp. (credit: G, H by Andrey Vedenin).
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to 251 items km-2 in different sectors (Suaria and Aliani, 2014; 
Di-Meglio and Campana, 2017; Campana et al., 2018; Zeri et al., 
2018). The North Pacific subtropical gyre is a well-established 
accumulation area of floating marine debris (Law et al., 2014). 

Between 1,400 and 3,200 items km-2 were reported from the 
region located between 20–40°N and 120–155°W (Goldstein 
et al., 2013) while 40 – 2,440 items km-2 were reported in the sub-
tropical East Pacific off Mexico (Diaz-Torres et al., 2017). Only 

TABLE 2 |  Floating marine debris concentrations reported in items km-2 by visual surveys after 2010.

Region Location Concentration 
(items km-2)

Concentration 
measure

Minimum size 
detection limit

Plastic (%) Reference

Arctic Ocean Barents, Greenland, 
Norwegian Seas

11 Median > 1cm 91 This study

Arctic Ocean Kara, Laptev and East 
Siberian Seas

0.002 Mean > 2.5 cm    (Pogojeva et al., 2021)

Arctic Ocean Barents Sea 0.92 Mean > 2.5 cm    (Pogojeva et al., 2021)
Baltic Sea Northern Baltic Sea 0.2 ± 0.1 Mean > 5 cm 96  (Rothausler et al., 2019)
North Sea German Bight 20 Median   64  (Thiel et al., 2011; Gutow 

et al., 2018)
North Sea North Sea 19 Median > 1 cm   This study
North Atlantic North Sea, Norwegian Sea 11 Median > 1 cm 91 This study
North Atlantic Azores archipelago, 

Madeira
0.78g ± 0.07 Mean > 2.5 cm 69  (Chambault et al., 2018)

North Atlantic Portuguese waters 2.98 Mean Items smaller 
than 2.5 cm were 
reported

   (Sa et al., 2016)

South Atlantic Coastal waters 67 Mean > 1 cm 97  (Ryan, 2014)
South Atlantic Oceanic waters 2.9 Mean > 1 cm 97  (Ryan, 2014)
North Pacific Ocean Station 1 (20–40°N, 

120–155°W)
1400 Median > 2cm ~100  (Goldstein et al., 2013)

North Pacific Ocean Station 2 (20–40°N, 
120–155°W)

3200 Median > 2cm ~100  (Goldstein et al., 2013)

North Pacific Ocean Station 3 (20–40°N, 
120–155°W)

1500 Median > 2cm ~100  (Goldstein et al., 2013)

North Pacific Ocean Station 4 (20–40°N, 
120–155°W)

1600 Median > 2cm ~100  (Goldstein et al., 2013)

Central Pacific Ocean Mexican Central Pacific 40 to 2440 Range   80  (Diaz-Torres et al., 2017)
Indian Ocean Bay of Bengal 8.8 ± 1.4 Mean >1 cm 96  (Ryan, 2013)
Indian Ocean Straits of Malacca 578 ± 219 Mean >1 cm 99  (Ryan, 2013)
Indian Ocean Sub-Tropical, Sub-Antarctic 

and Antarctic 
Polar fronts

5.94 Mean > 1cm 99  (Connan et al., 2021)

Southern Ocean North of the Subtropical 
front

0.28–0.51 Range >1 cm  (93 - 94)  (Suaria et al., 2020)

Southern Ocean South of the Subtropical 
front

0.021–0.030 Range >1 cm  (86 - 83)  (Suaria et al., 2020)

Southern Ocean North of the Subtropical 
front

0.58 Mean >1 cm 96  (Ryan et al., 2014)

Southern Ocean South of the Subtropical 
front

0.032 Mean >1 cm 96  (Ryan et al., 2014)

Southern Ocean Central–southern Chile and 
Patagonian fjords

0 – 300 Range      (Hinojosa et al., 2011)

Mediterranean Sea Balearic, Sardinian and 
Tyrrhenian Seas

2.3 Mean > 20 cm > 69  (Campana et al., 2018)

Mediterranean Sea Adriatic Sea 251 ± 601 Mean > 2.5 91  (Zeri et al., 2018)
Mediterranean Sea Liguro-Provençal Sea 14.98 ± 22.84 Mean > 1 cm 87  (Di-Meglio and Campana, 

2017)
Mediterranean Sea Central & western 

Mediterranean Sea
24.9 Mean > 2 cm 96  (Suaria and Aliani, 2014)

Mediterranean Sea Adriatic Sea 175 Mean > 2.5 cm    (Palatinus et al., 2019)
Mediterranean Sea Ligurian Sea, Sardinian-

Balearic basin, Bonifacio 
Strait, Central Tyrrhenian 
Sea, Sicilian-Sardinian 
Channels, Adriatic Sea, 
Ionian Sea

2–5 Mean > 20 cm > 80  (Arcangeli et al., 2018)

Black Sea NW Black Sea 30.9 ± 7.4 Mean > 2 cm 89  (Suaria et al., 2015)
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few visual surveys on floating debris have been conducted in the 
North Atlantic Ocean (Thiel et al., 2011; Sa et al., 2016; Chambault 
et  al., 2018; Gutow et  al., 2018). Chambault et al. (Chambault 
et al., 2018) reported debris concentrations of 0.78 items km-2 in 
Portuguese waters off the Azores and Madeira, which were much 
lower than the median concentration of 11 items km-2 observed 
on our three transects off the Iberian Peninsula. An earlier 
study in the North Sea reported median floating marine debris 
concentration of 20 items km-2 for the period of 2006 to 2016 
(Gutow et al., 2018). Consistently, a median of 19 items km-2 was 
recorded during our study between 2016 and 2020. In summary, 
floating debris concentrations in the Arctic Ocean are lower than 
in the heavily polluted regions of the Central and North Pacific 
and the Mediterranean Sea but in a similar range as in the North 
Sea and higher than in the Indian, Southern and South Atlantic 
Ocean.

Almost half of the sea surface observations in our study were 
from the Fram Strait in the Arctic Ocean. In that region, the 
seafloor happened to be photographically surveyed regularly for 
the HAUSGARTEN time series and analysed for marine debris 
since 2002 (Tekman et  al., 2017; Parga Martínez et  al., 2020; 
Bergmann et  al., 2022). The mean concentration on the deep 
Arctic seafloor across years and stations (4,571 ± 1,628 items 
km-2) is about 500 times higher than the median concentration 
of floating marine debris in the Greenland Sea (9 items km-2). 
By contrast, in the North Sea, the mean concentration on the 
seafloor was only some 40 times higher than at the sea surface 
(Gutow et al., 2018). The much higher ratio of seafloor to surface 
concentrations in the Greenland Sea could be due to frequent 
resuspension of benthic debris in the much shallower and more 
dynamic North Sea whereas the deep sea seems to constitute a 
sink continuously accumulating marine debris (Pham et  al., 
2014). The composition of the debris material differs between 
the seafloor and sea surface. Plastic, rubber, Styrofoam, and 
fisheries-related plastic clearly dominated the composition at 
the surface by 91%, whereas these types accounted only for 56% 
on the seafloor (Parga Martínez et al., 2020). Glass pieces sink 
directly to the seafloor. Accordingly, only 0.2% of the floating 
items were glass, while it was the second most abundant debris 
type on the seafloor (21%). The overall composition of marine 
debris on the seafloor and at the sea surface depends strongly on 
material density. Several processes initiate the sinking process of 
positively buoyant plastics, which then become also subject to 
lateral advection processes during their passage to the seafloor 
(Li et  al., 2020; Tekman et  al., 2020). Bio-fouling can enhance 
the specific gravity of an item and cause it to sink. The relative 
surface area increases as the size of the item become smaller 
and therefore, small items lose their buoyancy faster than larger 
ones (Fazey and Ryan, 2016). Accordingly, small debris items 
dominated on the deep seafloor of the Fram Strait, whereas 
floating items in the Greenland Sea were mostly medium-sized. 
The large box fragment collected in the Fram Strait was still 
afloat although it was densely colonised by organisms (Figures 
6F–H). Empirical observations off South Africa showed that 
large and thick fragments float for longer than thin items, such 
as plastic bags (Ryan, 2015). Marine organisms can also facilitate 

the transport of anthropogenic debris to the seafloor (Choy 
and Drazen, 2013; Choy et al., 2019). The plastic film fragment 
inside the jellyfish collected by the fish lift in the Hinlopen Strait 
demonstrates that ingested plastics can be transported by pelagic 
organisms through the water column. Grøsvik et al. (Grøsvik 
et al., 2018) also reported marine debris in pelagic trawls taken 
close to the Norwegian and Svalbard coasts.

Temporal Variability
Overall, there was a weak declining trend in floating debris 
concentrations from 2016 to 2020. However, longer-term 
investigations with sufficient annual counts are needed to 
confirm a continuous long-term decrease in marine debris 
pollution. A long-term study in the North Sea did not find 
persistent temporal changes between 2006 and 2016 (Gutow 
et al., 2018) but reported an order of magnitude increase between 
first assessments in 1983 (Dixon and Dixon, 1983) and later 
surveys in 2006 – 2008 (Thiel et al., 2011). Other studies from 
different marine compartments have suggested both decreasing 
and increasing trends. Citizen-science data from over 200 beach 
locations at the Lofoten archipelago, Norway, collected from 
2011 to 2018 revealed a decrease in marine debris, potentially in 
response to regular beach clean-ups and a change in consumer 
behaviour (Haarr et  al., 2020). However, a continuous 7-fold 
increase from 2004 to 2017 was documented for the deep Arctic 
seafloor (Bergmann and Klages, 2012; Tekman et al., 2017; Parga 
Martínez et al., 2020).

Seasonal differences in marine debris concentrations are 
unlikely where human activities constantly emit debris (Hinojosa 
et al., 2011). Still, we observed a much higher debris concentration 
in summer than in autumn, which could be due to increased 
touristic and maritime activities in the absence of sea ice in 
summer (Stocker et al., 2020). Seafloor debris concentrations in 
that region correlated positively with fishing and tourism in the 
Fram Strait (Parga Martínez et al., 2020). A similar pattern was 
reported for beach debris from the Mediterranean (Campana 
et al., 2018) and Baltic Seas (Rothäusler et al., 2019) and attributed 
to seasonally increased recreational activities and tourism.

Floating Objects
Plastics, including ropes and nets accounted for 91% of all 
floating debris. Small- and medium-sized fragments were the 
most common type of floating items. Similarly, plastic fragments 
were particularly abundant in offshore waters of the Indian 
Ocean whereas nearshore waters in that region had a higher 
proportion of consumer-related items (Ryan, 2013). A high 
fraction of undefined plastic fragments can be characteristic of 
remote regions off the centres of human activities, such as the 
Arctic Ocean due to extensive weathering processes during the 
long passage at sea.

The majority of plastic fragments were white or transparent 
concurring with studies from other regions (Ryan, 2014; 
Campana et  al., 2018; Marti et  al., 2020; Connan et  al., 2021). 
Photooxidation causes discoloration or whitening, which 
shifts to yellow and then to brown upon extended exposure to 
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solar radiation (Andrady, 2017; Marti et  al., 2020), indicating 
progressive weathering. For densely colonised items, such as 
the box fragment collected in Fram Strait (Figures 6G, H), the 
determination of the colour can be challenging. The colour of an 
item can be important for interactions of species with floating 
debris (Ory et al., 2017; Marti et al., 2020).

Seaweeds were the dominant natural floating objects and 
were encountered in all regional seas, except for the Barents Sea. 
However, seaweeds were counted only on half of the transects in 
the Barents Sea, where no floating debris was detected either. Our 
analysis suggests a weak but significant correlation between the 
distribution of debris and natural items, which can be explained 
by common transport mechanisms for all types of flotsam 
(Campana et al., 2018; Pogojeva et al., 2021). However, natural 
and anthropogenic items likely have different source regions, 
which could explain the weakness of the correlation.

The Effect of Environmental Conditions 
and Spatial Variables
The debris concentration in our study area correlated positively 
with salinity but negatively with wind speed and nearest distance 
to the European coastline. Additionally, multivariate regression 
analysis revealed correlations with salinity, latitude, water 
temperature, wind speed and distance to the nearest European 
coast. As expected, both analyses confirm that environmental 
conditions as well as the latitude and distance to the coast (i.e. 
potential source regions) partly explain the variability in the 
distribution of floating marine debris, since there are other 
factors, which are not considered in this study (van Sebille et al., 
2020).

The salinity gradient in the Nordic Seas is governed by the 
Norwegian Atlantic Current, which is a northward extension 
of the North Atlantic Current (the West Spitsbergen Current) 
with salinities exceeding 35 psu and the East Greenland Current 
with polar waters of lower salinities (< 34 psu). Waters of even 
lower salinities (32–34 psu) from the Skagerrak and the North 
Sea flowing along the Norwegian coast influence the eastern 
and northeastern sector of the Nordic Seas (Furevik et al., 2002; 
Strand et al., 2021). Backward drift simulations based on currents, 
wave action and wind forcing showed that floating debris from 
the North Sea and the temperate NE Atlantic is transported 
northwards towards Arctic waters within a year (Strand et  al., 
2021). However, a horizontal random spread of debris was also 
suggested (Strand et al., 2021). Our transects in the Barents Sea 
were mostly located around Svalbard, which is influenced by 
both, Atlantic and polar waters. Pogojeva et al. (2021) did not 
find floating debris in the eastern part of the Kara Sea, which is 
a source of polar waters (Wilson et al., 2021), suggesting that the 
high amounts of debris in the north and northeast of Svalbard in 
our study originated primarily from local sources and maritime 
activities in that region or from transport from Atlantic sources. 
The contribution of maritime activities as a source of marine 
debris pollution has been reported by an assessment of plastic 
drinking bottles on an inhabited island in the Tristan da Cunha 
archipelago, central South Atlantic (Ryan et al., 2019). European 
debris is known to be transported to the north (Cózar et al., 2017; 

Tekman et al., 2020; Pogojeva et al., 2021). Indeed, 43% of the 
debris beached on Svalbard with embossed writing consisted of 
objects manufactured in Europe (Björn et al., 2019). Debris on 
the beaches of western Svalbard, in the Greenland Sea, originate 
primarily from around Svalbard and the Barents Sea with 
additional minor contributions from Iceland and the Norwegian 
Sea (Strand et  al., 2021). In our study, the proportion of small 
plastics was highest in the Barents Sea, followed by the North 
Sea. This distribution corroborates the drift trajectories projected 
for microplastic (Strand et  al., 2021), and suggests the North 
Sea as a source region for microplastics in the Norwegian and 
Barents Seas. Moreover, the relatively high proportion of small 
plastic items in the Barents Sea can be explained by a continuous 
fragmentation of floating plastic items during extended 
residence times in the Barents Sea, supporting the projection of 
an accumulation area in the Barents Sea (van Sebille et al., 2012).

A decrease of marine debris concentrations with distance to 
land was also observed on the seafloor of the Norwegian and 
Barents Seas (Buhl-Mortensen and Buhl-Mortensen, 2017). 
High amounts of marine debris, especially plastic, have been 
reported at the coasts of Labrador, West Greenland (Mallory 
et al., 2021), Norway (Falk-Andersson et al., 2019; Haarr et al., 
2020) and Svalbard beaches (Bergmann et  al., 2017a). Higher 
concentrations in coastal waters than in offshore waters do not 
necessarily indicate land-based sources, especially in Arctic 
waters. Several studies highlighted fisheries, i.e. sea-based inputs, 
as a prime source of marine debris in the Arctic and the North Sea 
(Bergmann et al., 2017a; Buhl-Mortensen and Buhl-Mortensen, 
2017; Gutow et  al., 2018; Vesman et  al., 2020; Benzik et  al., 
2021; Strand et al., 2021). Wind and currents can promote the 
transport and deposition of floating debris towards coasts (Ryan, 
2013; van Sebille et al., 2020), resulting in a negative correlation 
of the debris concentration with nearest distance to the European 
coastline.

Wind-induced vertical mixing supports the vertical transport 
of floating marine debris through the water column down to 
hundreds of metres depth (Kukulka et  al., 2012; Reisser et  al., 
2013; Suaria et  al., 2016), which could explain the negative 
correlation between the debris concentrations and wind speed. 
Accordingly, 19% of the floating items in the South Atlantic were 
completely submerged by an estimated depth of 0.2 – 5 m (Ryan, 
2014). In our study, we did not consistently record the position 
of floating items relative to the sea surface but at least 9% of the 
items were noted as being partly or completely submerged.

CONCLUSION

Floating marine debris was encountered on the great majority of 
transects suggesting a substantial pollution of Northeast Atlantic 
waters. The same median value of debris concentration was 
obtained for both sides of the Arctic Ocean boundary. Overall, 
the regional seas showed similar debris concentrations, except 
for the central Arctic, where despite occasional sightings, the 
majority of transects were free of floating debris. Clear seasonal 
trends were found, with higher pollution levels in summer than 
in other seasons, which could be attributed to seasonally elevated 
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tourism and shipping activities in the region. Although the 
examination of environmental and spatial variables confirmed a 
distinction between the regional seas, their relation to the debris 
concentration partly explained the variability, possibly due to 
the complex hydrography in the area, the existence of other 
factors, and a random horizontal spread of floating items. A high 
proportion of unidentified fragments and films is characteristic 
for plastic pollution in remote open waters.

Visual surveys do not require the use of specific sampling 
gear and are, therefore, relatively easy to perform even for people 
without scientific training or specific expertise. The extensive 
dataset compiled in this study would not have been possible 
without non-experts and citizen scientists, highlighting that 
collaboration with citizen scientists can help us to fill important 
knowledge gaps. Moreover, observations of floating plastics can 
be used to validate and improve the modelled simulations and 
predictions regarding the distribution of flotsam, which are 
essential for ecological risk assessments (Compa et al., 2019) and 
assessments of the efficiency of new regulations such as a UN 
Plastic Treaty. Interactions comprising entanglement, ingestion 
and colonisation of debris have already been reported for species 
from the bottom of the food chain to top predators in Arctic 
waters (Parga Martínez et  al., 2020; Collard and Ask, 2021; 
Bergmann et  al., 2022; Botterell et  al., 2022). While the effects 
of these interactions are largely unknown, Arctic ecosystems are 
already under threat from climate change (Thomas et al., 2022) 
and plastic pollution can only exacerbate its effects (Tekman 
et al., 2022). Action is thus urgently required to efficiently reduce 
plastic pollution from both local and distant sources.
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