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Plastic production and plastic waste have increased to such an extent that it has become globally ubiquitous. Recent research has highlighted that it has also invaded remote Polar Regions including the Arctic, where it is expected to accumulate over time due to transport from distant sources, rising local anthropogenic activities and increasing fragmentation of existing ocean plastics to microplastics (plastic items <5 mm). While a growing body of research has documented microplastics in the atmosphere, cryosphere, sea surface, water column, sediments and biota, contamination levels on Arctic beaches are poorly known. To fill this knowledge gap, we engaged citizen scientists participating in tourist cruises to sample beach sediments during shore visits on Svalbard, Norway. Following drying, sieving, and visual inspection of samples under a binocular microscope, putative plastic particles ≥1 mm were analysed by attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. Plastic particles ≥1 mm were found in two out of 53 samples from 23 beaches (mean: 196.3 particles kg−1 and 147.4 particles L−1). These pollution levels could be due to our focus on plastic particles ≥1 mm as well as the relatively small sample sizes used during this initial phase of the project. In addition, the coarse substrate on most beaches might retain fewer plastic particles. The two samples with plastic particles ≥1 mm contained six polyester-epoxide particles and 4920 polypropylene fibres. The latter likely originated from a fishing net and points to possibly accelerated plastic fragmentation processes on Arctic beaches. Since fisheries-related debris is an important source of plastic on Svalbard, a build-up of microplastic quantities can be expected to burden Arctic ecosystems in addition to climate change unless efficient upstream action is taken to combat plastic pollution.
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1 INTRODUCTION
Plastic pollution has become a hallmark of the Anthropocene (Waters et al., 2016; Zalasiewicz et al., 2016) because plastic production and pollution have grown exponentially since World War II (Geyer et al., 2017; Geyer, 2020) and are predicted to continue on this exponential path (Borrelle et al., 2020; Lau et al., 2020). Therefore, it is not surprising that plastic pollution has become ubiquitous (Tekman et al., 2022b) and has been documented in the marine (Bergmann et al., 2017a), freshwater (Koutnik et al., 2021), terrestrial (Schwarz et al., 2023) and atmospheric realm (Allen et al., 2022) including remote Polar Regions such as the Arctic (Bergmann et al., 2022a). This irreversible plastic pollution has begun to impact populations, species and ecosystems to varying degrees, running the entire spectrum from interactions causing no detectable harm to severe harm (Bergmann et al., 2015; Puskic et al., 2020; Tekman et al., 2022b), and could lead to irreversible harm unless severe reductions in production and pollution are achieved (Villarrubia-Gomez et al., 2018; MacLeod et al., 2021).
Plastic pollution has also increased in the Arctic (Parga Martínez et al., 2020) with negative impacts on Arctic biota already documented (Baak et al., 2020; Collard and Ask, 2021; Bergmann et al., 2022a; Walther and Bergmann, 2022). Although in recent years more and more studies have documented levels of both macroplastic and microplastic pollution in different regions of the Arctic, many blind spots persist (Grøsvik et al., 2022; Primpke et al., 2022; Walther and Bergmann, 2022; Provencher et al., 2023).
The Svalbard Archipelago is the northernmost landmass of Europe between 74° and 81° N latitude, and comprises three large islands and a number of smaller ones. Because of its natural beauty and wilderness, it has attracted increasing numbers of tourists (Parga Martínez et al., 2020). The rising plastic pollution of Svalbard’s coastline could be due to local people or tourists, but the vast majority is likely transported to Svalbard’s coastline by the surrounding ocean currents, with the debris originating from local and distant fishing activities as well as distant land-based sources (Bergmann et al., 2022a; Meyer et al., 2023 several studies have already investigated the amount and distribution of macroplastic and other large man-made debris along Svalbard’s coastline (Nashoug, 2017; Jaskólski et al., 2018; Węsławski and Kotwicki, 2018; Falk-Andersson and Strietman, 2019; Falk-Andersson et al., 2021; Liutkus et al., 2022), including four studies where at least some of the data were collected by citizen scientists (Bergmann et al., 2017b; Falk-Andersson et al., 2019; Strand et al., 2021; Meyer et al., 2023). While evidence of microplastics along the coasts and fjords of Svalbard has recently emerged (Collard et al., 2021; Choudhary et al., 2022; Lin et al., 2022), baseline information on microplastic pollution levels of its beaches or Arctic beaches in general (Sundet et al., 2016; Sundet et al., 2017; Granberg et al., 2019; Blinovskaya et al., 2020) is still sparse.
Because of the success of recording macrodebris with the help of citizen scientists on Svalbard’s beaches, at the sea surface (Bergmann et al., 2017b; Tekman et al., 2022a; Meyer et al., 2023) and of sampling snow on Svalbard (Bergmann et al., 2019), we used the same setup to collect sediment samples for the analysis of plastic particles ≥1 mm. The goal of this study was to obtain microplastic levels of Svalbard’s beaches by engaging cruise tourists visiting the Svalbard Archipelago in a citizen science sampling project to generate baseline data. In addition, we aimed to compare microplastic pollution levels with those of macroplastic pollution recorded during citizen-scientist campaigns conducted at the time of microplastic sampling (Meyer et al., 2023).
2 MATERIALS AND METHODS
2.1 Sampling
This study was conducted in collaboration with tourist cruise operators during four campaigns to the Svalbard Archipelago, one each in 2016, 2017, 2021, and 2022 (Table 1; Figure 1). Participants were supplied with simple instructions for the collection of sediment samples on beaches, which were visited during shore excursions of tourist cruises around Svalbard. Most of these collections happened in conjunction with a survey of macroplastic pollution during the campaigns of 2016, 2017, and 2021 (Meyer et al., 2023). Hand-held GPS devices (Garmin eTrex 30×) were used to determine the positions of each sampling site. Two different protocols were used to collect sediment samples.
1. For locations 1–21 listed in Table 1 (see also Figure 2), one aluminium container was filled by a metal spoon with sediment from the uppermost 2 cm of a surface area of approximately 1,000 cm2 and sealed with an aluminium lid. The locations were chosen by convenience (middle of beach, no large stones or pieces of wood present, not too wet).
2. For locations 22 and 23, sampling points were determined by laying out a sampling grid over the sampling location. At location 22, the length of the grid was 100 m long and followed the beach’s water edge. The survey width was determined by the width of the beach (Figure 3). At each of the 20 sampling points, a stainless-steel sampling frame of 24 × 24 cm (sampling area of 0.0576 m2) was pushed into the sediment. Using a metal shovel, one tinplate container (195 × 153 × 76 mm, Tinware Direct, https://tinyurl.com/2p87uybd) was filled with sediment from within the sampling frame, which meant that several centimetres of sediment were evenly removed. At location 23, the grid was modified because of the narrow beach width (5 m): Two collection lines (A and B) were established, each with six sampling points (Figure 4). Line A lay within 1 m of the water’s edge and parallel to it, with each of the six sampling points located 5 m apart. Line B ran in parallel, but a further 2 m inland.
TABLE 1 | Characteristics of 23 locations in Svalbard, Norway, where citizens scientists took sediment samples (N = sample size), which were analysed for microplastics. For some locations, the data for substrate were not recorded. Latitude N and longitude E are given in degrees.
[image: Table 1][image: Figure 1]FIGURE 1 | Map of all locations of microplastic surveys depicted by dots (yellow: plastic found; red: none found). Numbers inside brackets represent the location number (Table 1) (Map © Norwegian Polar Institute).
[image: Figure 2]FIGURE 2 | Photo of a typical Svalbard beach where citizen scientists assessed macroplastic pollution (Meyer et al., 2023) and took sediment samples for microplastic analyses with the cruise ship in the background (Kiepertøya/Hinlopen Strait, 23 July 2017, credit: Birgit Lutz with permission).
[image: Figure 3]FIGURE 3 | Sampling grid used to establish sampling points (dark red squares) for location 22 (Table 1). The location of the first collection line (green line) was determined randomly. The width of the beach was measured along this randomly placed zero line (0L), and four sampling points were placed along this line equidistantly. The other four collection lines were placed parallel to the zero line at 25 m distance along the water’s edge, with two lines to the left (L1 and L2) and two lines to the right (R1 and R2) of the zero line. The upper boundary of the beach was determined by a hard boundary (e.g., the beginning of vegetation, or rock surface, or icy cover).
[image: Figure 4]FIGURE 4 | Photo of the narrow beach at Signehamna, sampled in 2022 with the 12 sediment samples on the right (credit: Birgit Lutz with permission).
The 53 sample containers (Table 2), protocols with metadata and photos were posted to the Alfred-Wegener-Institut Helmholtz-Zentrum für Polar-und Meeresforschung.
TABLE 2 | Details of 53 sediment samples taken at 23 locations in Svalbard (Table 1) including plastic abundance. The sediment’s dry weight and volume were measured in the laboratory for every sample (thus the sample size is N = 53), and the polymers were determined with ATR-FTIR spectroscopy (see Methods). For samples 1–21, the surface area sampled was not determined. However, for the samples 22–53, the surface of the beach sampled was 0.0576 m2 for each sample (thus the sample size is N = 32). *Given that the surface area for sample 31 was 0.0576 m2 and the number of ME&MP particles was six, the number (No.) of ME&MP per m2 was 104.17 for sample 31.
[image: Table 2]2.2 Laboratory work
Each sediment sample was dried at 50°C in an oven for 1–3 days until the sediment was dried. 50°C is the upper temperature limit for drying recommended by Goli et al. (2022). Temperatures between 50°C and 60°C are commonly used (e.g., Kunz et al., 2016; Chen and Chen, 2020), although temperatures higher than 60°C should be avoided in order to not change the polymers’ chemical and morphological structure (Munno et al., 2018; Pfeiffer and Fischer, 2020; Goli et al., 2022; S. Primpke, in litt. 2023). The dry-weight was determined (Kompakt Waagen Kern EMB-Serie 6000–1, accurate to 0.1 g) as was the volume using a glass beaker. The sediment was then poured into a 5-mm steel sieve stacked on top of a 1-mm steel sieve. All material (almost all of it fine sand) which passed through the sieves was discarded. The contents of the two sieves were then inspected to remove any obvious non-plastic materials such as vegetation, large stones, shells, etc. The remainder was examined thoroughly under a binocular microscope (Olympus SZX16).
To minimise contamination of the samples with airborne microplastics, a high-performance air purifier (DustBox 1000 VSC Hochleistungs-Luftreiniger H14) ran continuously along with the laboratory ventilation system, which also removed dust continuously during working hours. Furthermore, white laboratory coats made of cotton were worn by all laboratory workers, and synthetic textiles avoided. Moreover, all samples were immediately covered by aluminium lids whenever they were not worked on.
In addition, we a priori limited our lower size boundary of microplastics to 1 mm assuming that plastics ≥1 mm do not easily become airborne and should thus rarely contaminate our samples. To test this assumption, we filled a bowl with a surface area of approximately 500 cm2 with Milli-Q water and placed it directly next to the laboratory equipment, so that the water could catch airborne particles. At the end of five different laboratory days of working on sediment samples, we then also filtered the water from the bowl through a 5-μm pore size filter paper using a vacuum pump connected via a rubber tube to a collecting flask (Lee et al., 2019). Since there were no plastic particles on any of the examined filters, we concluded that airborne contamination of our sediment samples with plastic particles ≥1 mm did not occur.
2.3 Visual examination
Although definitions of size categories for plastic pollution vary, the following definitions are most commonly used (Hartmann et al., 2019): megaplastics (>100 cm), macroplastics (2.5–100 cm), mesoplastics (5–25 mm), microplastics (0.0001–5 mm), and nanoplastics (1–100 nm). Since we focussed only on mesoplastic (ME) and microplastic (MP) particles, we calculated amounts for both categories separately and combined (ME&MP).
The contents remaining in the two sieves were first visually examined under a binocular microscope under 2 × or 5 × magnification. For that purpose, we transferred a subsample onto a glass Petri dish and spread it in such a way that the particles formed a single particle layer with no particles lying on top of each other obscuring the view of particles below. We then visually scanned the entire contents for any putative ME and MP. Since >99% of the contents consisted of sand particles and bicarbonate shells (whole or broken into pieces) and organic material (e.g., stems, algae, etc.), it usually took only a few minutes to pick out putative plastic particles, which were transferred with tweezers to a glass container for later analysis by attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy.
We emphasize here that every suspect particle was checked with ATR-FTIR. Non-suspect particles were all particles which were clearly sand particles or complete or broken shells, which made up >99% of the contents and which can be easily distinguished via visual examination after some visual training (see, e.g., Section 2.3 in Kunz et al., 2016, or Section 2.2. in Bancin et al., 2019). However, if there was any particle which did not clearly belong into the category of non-suspect particle, it was analyzed by ATR-FTIR. In most cases, our initial visual identification turned out to be correct, and putative particles turned out to indeed be plastic particles. In some cases, they turned out to be made of other materials (e.g., bicarbonate, cellulose, glass, coal, or metal). Therefore, we are confident that no plastic particle was missed using this method.
For sample 9, it was not possible to examine the entire sample visually because of the unusually high number of similar-looking fibres (Figure 5). We also observed that many fibres with lengths of both >1 mm and <1 mm were passing through the 1-mm sieve because of their shape. Therefore, we modified the visual counting procedure.
1. We did not discard the contents of the material that had passed through the 1-mm sieve, but included any fibres, which were >1 mm but had passed through the 1-mm sieve. To estimate the total number of fibres, we first placed the contents of the 5-mm sieve, the contents of the 1-mm sieve, and the contents which passed both sieves into separate glass beakers and then determined the weight and volume of those three subsamples.
2. We then placed 10% of each subsample into three separate glass beakers, and counted the greenish fibres (Figure 5). From each subsample, ten fibres were randomly selected and analysed by ATR-FTIR.
[image: Figure 5]FIGURE 5 | Greenish microplastic fibres consisting of polypropylene identified in sample 9 from Lomfjord, Rekvekstranda, Svalbard (credit: Franco Pasolini with permission).
2.4 Polymer identification
An ATR-FTIR device (ALPHA Basis Modul A250/DII, Bruker Optics) was used to identify the polymer type of putative plastic particles in combination with the installed OPUS spectroscopy software and the freeware siMPle software (Primpke et al., 2018; Primpke et al., 2020). We set the hit quality index (HQI) at ≥0.70 (meaning at least a 70% match with the reference spectrum) (Renner et al., 2019). Each particle was analysed by ATR-FTIR only once if the HQI was ≥0.70. At a lower HQI, we measured the particle three times in different places and then calculated the mean of the three measurements. If these extra measurements raised the mean HQI to ≥0.70, then the status of a putative plastic particle was changed to a definite plastic particle.
For all positively identified plastic particles in this study, OPUS and siMPle yielded identical polymer identifications with an HQI ≥0.70. For these particles, we also measured their maximum length (i.e., the longest possible distance between two endpoints of the particle).
2.5 Calculation of unweighted and weighted averages
Since the samples (Table 2) were of uneven amount, we used two methods to calculate a mean for the pollution level. The first one is to use each of the 53 samples as one unweighted datapoint (even though the weight and volume of each sample differed). This calculation results in an unweighted average (or mean) because each sample is given the same importance despite the amount of sediment being different between the individual samples (this is the ‘usual’ way of calculating a mean). The second method is to use each of the 53 samples as a weighted datapoint (with the weight of the datapoint depending on the amount of each sample, e.g., the weight of the sediment). This calculation results in a weighted average (or mean) because each sample is given an importance (or weight) according to the amount of the sediment sample.
3 RESULTS
Over a period of 6 years, the citizen scientists collected 53 samples in 23 locations on Svalbard (Tables 1, 2; Figures 1, 2, Figure 4). For all 53 samples, we determined the weight and volume of the sediment, but we only had measurements of the area sampled for only 32 samples because no area was measured for samples 1–21 (Table 2). In total, 91377.7 g and 53200 mL of sediment were collected (sum of all rows in Table 2). The total surface area sampled for samples 22–53 was 1.8432 m2. Plastic particles ≥1 mm were detected in two out of 53 samples (3.8%).
In sample 31, we recorded six pink particles, which all consisted of polyester-epoxide (Figure 6) with a mean length of 2.6 ± 0.7 mm (mean ± standard deviation, range 1.9–3.8 mm). Therefore, for sample 31 only, the number of MP per kilogram was 2.08 MP kg-1, the number of MP per litre was 3.53 MP L-1, and the number of MP per square metre was 104.17 MP m-2.
[image: Figure 6]FIGURE 6 | Photos of six pink microplastic particles consisting of polyester-epoxide identified in sample 31 from Gåshamna, Svalbard. The maximum lengths of the particles are (clockwise starting in the upper left corner): 2.3, 3.0, 2.7, 3.8, 1.9, and 2.0 mm. The scale bars are 0.5 mm (credit: Lisa Roscher with permission).
Since sample 9 contained hundreds of polypropylene fibres (Figure 5), we took a 10% subsample (see Methods). The number of fibres in the subsample of the contents of the 5-mm sieve was 182 fibres, which by definition were all ME particles. We also found 101 fibres in the 1-mm sieve subsample and 209 fibres in the subsample of the contents that passed through the 1-mm sieve, which by definition were all MP particles. This added up to 492 fibres in total. Multiplication by 10 yielded an estimate of 4920 fibres for the whole sample (1820 ME and 3100 MP). Therefore, for sample 9 only, the number of ME&MP per kg was 10399.49 ME&MP kg-1, and the number of ME&MP per litre was 7809.52 ME&MP L-1 (no surface area was measured for sample 9). From each of the three subsamples, ten fibres were randomly selected and identified as polypropylene. Since all fibres had a similar appearance, we concluded that all fibres likely consisted of polypropylene.
The 4926 particles recovered from two out of 53 samples were then used to calculate mean pollution levels (Table 3). For the mean pollution level per kg sediment and per L sediment, the weighted mean was always lower than the unweighted mean (ranging from 27.4% to 62.9% of the unweighted mean). The mean pollution levels for ME&MP using the unweighted mean were 196.3 ME&MP kg-1, 147.4 ME&MP L-1, and 3.3 ME&MP m-2; and for the weighted mean, they were 53.9 ME&MP kg-1, 92.6 ME&MP L-1, and 3.3 ME&MP m-2 (Table 3).
TABLE 3 | Mean pollution levels of 53 sediment samples (Table 2). Two methods to calculate a mean for the three types of pollution level were used (see Methods 2.5). The sample size for individual samples was N = 53 for “No. per kg sediment” and “No. per L sediment” and N = 32 for “No. per m2 sediment” (see Table 2 for explanation).
[image: Table 3]4 DISCUSSION
4.1 Pollution levels of meso- and microplastics
Although only two out of 53 samples from Svalbard beaches contained plastic particles ≥1 mm, this result supports the observation that meso- and microplastics have invaded the remotest places on Earth (Zhang et al., 2016; Evangeliou et al., 2020; Horton and Barnes, 2020; Napper et al., 2020; Trainic et al., 2020; Abel et al., 2021). The mean pollution levels in our samples could be the result of several conditions. One is that we used a lower size limit of 1 mm. Several previous studies have highlighted the importance of smaller microplastic in the Arctic, e.g., microplastics ≤25 μm accounted for 80% of the plastic particles in Arctic deep-sea sediment, 82% in the water column, and 88% in sea ice samples (Bergmann et al., 2017c; Peeken et al., 2018; Tekman et al., 2020). Since we excluded microplastic particles <1 mm, we likely missed smaller plastic particles present at our 23 sampling locations and underestimated contamination levels.
In addition, our sampling design influenced our estimates because from 2017 to 2021, only one sample per beach was taken due to our pilot-study approach. It is well known that sampling larger areas and/or retrieving more samples is a more adequate approach at low and/or patchy pollution levels (e.g., Bancin et al., 2019). Indeed, one of the two beaches where we recorded plastic particles was subject to the highest sampling intensity with 20 samples containing 54.4 kg in total, which of course increases the likelihood of finding plastic particles compared with a site were only one sample was taken (locations 1–21).
Another reason for lower pollution levels in this size range could be the coarse sediment types prevailing at most of the stations, with many being characterised by coarse sand, pebble or rock (Table 1). There is growing evidence that the grain size of sediments affects microplastic accumulation with coarser sediments retaining fewer microplastics (Corcoran et al., 2020; Waldschlager and Schattrumpf, 2020; Vermeiren et al., 2021; Yen et al., 2022).
Furthermore, the remoteness of Svalbard in relation to pollution sources could also explain why most samples did not contain plastic particles ≥1 mm. In highly polluted places, e.g., East Asia, a much higher proportion of samples contained plastic particles ≥1 mm (Kunz et al., 2016; Bancin et al., 2019; Walther et al., 2022). Although larger plastic debris has become widespread on the beaches of Svalbard (Bergmann et al., 2017b; Meyer et al., 2023), plastic particles ≥1 mm have apparently not yet reached the densities reported from more polluted regions.
4.2 Calculation of mean pollution levels
The means for MP per kg and MP per L were larger when we used the unweighted mean than when we used the weighted mean for calculating the mean pollution level (Table 3). The simple reason for that difference is that the sample containing the thousands of polypropylene fibres was the third smallest sample by weight. Thus, assigning it the same importance as the other 52 samples increases its overall effect on the calculated mean. Since a calculated mean is always a somewhat inaccurate estimate of the true mean (Walther and Moore, 2005), both methods of calculating the mean are valid although somewhat inaccurate estimates of the true mean. The only solution to increase accuracy would be to increase the sample size (Bancin et al., 2019). For our study, the true mean for the mean number of plastic particles ≥1 mm per kg is likely somewhere between 50 and 200 ME&MP kg-1, and for the mean number of plastic particles per L somewhere between 90 and 150 ME&MP L-1. However, given the relatively small sample size and the evidently rather patchy distribution of plastic particles among samples, even these ranges should only be considered preliminary estimates, which need to be substantiated with further sampling. We recommend that further sampling adopts the grid method presented in Figure 3 and used in location 22, or, if space is limited, a somewhat re-arranged grid as in location 23.
4.3 Comparison of mean pollution levels
There are few data from Svalbard to compare our data to. Dąbrowska (2021) found microplastics along the beaches of Adventfjorden and Isfjorden but did not provide quantitative data in English. A beach sample taken near the Barentsburg wastewater outlet in the midwest of Svalbard returned 11 microplastics (>20 µm) kg-1, which were made of cellophane. Sundet et al. (2016) reported 0.0–6.3 MP kg-1 in samples from Adventdalen in west Svalbard. At Breibogen in the northwest of Svalbard, beach sediments contained 111 MP L-1 above the high tide mark and 5-8 MP L-1 below the high tide mark (Sundet et al., 2017).
Our estimated mean pollution levels thus appear to be in the higher end of all these results, and it is actually not dissimilar to levels reported from regions usually considered to be more polluted. For example, a review of 11 studies of beach sediments from the ASEAN region (Curren et al., 2021) found similar pollution levels of 192.1 ± 211.1 MP kg-1 (mean ± std. dev., range 2.5–599 MP kg-1). A review of five studies of beach sediments from around the world (Peng et al., 2020) found higher pollution levels of 393.7 ± 753.0 MP kg-1 (mean ± std. dev., range 0.0–2116 MP kg-1), but still within the same order of magnitude. Therefore, it could be argued that our data fit quite well into the global context of beach pollution.
4.4 Plastic polymers and fragmentation processes
The first polymer type, polypropylene, is the second most manufactured polymer after polyethylene and is used in a wide variety of applications, e.g., clothes, carpets, pipes, furniture, medical and laboratory uses, medicine, food and drink containers and packaging, and ropes, which makes it a very common material for fishing nets and other fishing applications (PlasticsEurope, 2022). A quick internet search shows that fishing nets made of green polypropylene fibres are myriad, and the very high concentration of polypropylene fibres from sample 9 strongly suggests that a beached polypropylene net had disintegrated there. Fisheries debris was also suggested as a prime source of microplastics detected in subtidal sediments of the fjords of Svalbard (Lin et al., 2022).
The second polymer type, polyester-epoxide, is used in polyurethane applications and epoxy resins, which, in turn, can be used for adhesives, coatings, elastomers, and other end-use applications (PlasticsEurope, 2022). Therefore, the six polyester-epoxide particles from Gåshamna (sample 31) may have come from such an application, e.g., a colour coating of a ship or some equipment. Hence, we conclude that both larger plastic objects likely were carried onto the beaches via ocean currents (Strand et al., 2021) since these beaches are rarely visited.
In both samples with plastic particles, all plastic particles from each respective beach looked similar and consisted of the same polymer suggesting that they derived from one larger plastic object, which had fragmented into smaller plastic particles over time. Indeed, the extensive thermal cycles in Polar Regions could cause internal stresses and affect the strength of polymer composite materials, which results in tiny cracks in the material, a process intensified by humidity (Kablov and Startsev, 2021). Prolonged exposure to environmental conditions on Arctic beaches such as repeated freeze cycles, wet deposition including fog, and potentially up to 24 h of sunlight during summer could thus accelerate fragmentation processes. Many of the macroplastic items investigated by Meyer et al. (2023) were also very brittle, fragmented when picked up, or had already fragmented whilst on the beach (Figure 7), a process that has also been observed in the Russian Arctic (Ershova et al., 2022).
[image: Figure 7]FIGURE 7 | Photo of small fragmented plastic particles observed on Lomfjord (location 9) in August 2017 (credit B. Lutz with permission).
Consequently, Arctic beaches could act as a catalyst for fragmentation processes. This supposition is important because the polypropylene fibres from Lomfjord (sample 9) originated almost certainly from a single piece of fishing net that had disintegrated over time. Indeed, fisheries-related plastics, most of which were nets and ropes, accounted for 37% of the marine debris recorded during a parallel macro-debris survey on this beach (Meyer et al., 2023). The same study found that 30% of the analysed nets and ropes were made from polypropylene. Small fragments, which are disintegrating at the sediment surface could potentially also be dispersed more widely by winds (Ershova et al., 2021), which is a common Arctic trait.
Fast fragmentation processes on Arctic beaches could increase microplastic pollution. Consequently, Arctic food webs have been increasingly burdened with plastic pollution, adding to the upheaval due to climate heating, which is four times faster in the Arctic than the global average (Rantanen et al., 2022). Although the impact of plastic pollution on Arctic biota is still only poorly researched (Collard and Ask, 2021; Bergmann et al., 2022a), it is already widespread amongst northern fulmars from Svalbard (Fulmarus glacialis, 87.5% of investigated individuals), a sentinel species used for monitoring purposes (Trevail et al., 2015).
The pressure on Arctic biota will likely worsen as plastic pollution is projected to accumulate in the Nordic Seas due to a buildup via long-range transport from distant sources (van Sebille et al., 2012; Onink et al., 2019) and globally increasing plastic production (Borrelle et al., 2020; Lau et al., 2020), a process that would be worsened by an exponential fragmentation of existing plastics (MacLeod et al., 2021). This stresses the urgent need to implement binding and efficient global measures to combat plastic pollution (Bergmann et al., 2022b).
5 CONCLUSION
Citizen science is rapidly expanding into more and more areas of scientific investigation. The importance of citizen science to the issue of marine plastic pollution is evident from the fact that at least eight reviews have already been published (Thiel et al., 2014; Cigliano et al., 2015; Hidalgo-Ruz and Thiel, 2015; Zettler et al., 2017; Kawabe et al., 2022; Popa et al., 2022; Severin et al., 2022; Raman et al., 2023) and challenges and opportunities have been evaluated (Nelms et al., 2022). Our study is thus just another example of how collaboration between scientists and citizen scientists can provide useful, insightful and novel results.
One of the main reasons for the importance of our study is the fact that we still know relatively little about pollution levels in the Arctic despite the fact that the Arctic appears to be an accumulation zone for plastic pollution with pollution levels increasing rapidly. We therefore recommend that future citizen-science campaigns monitor macroplastic and take samples for microplastic pollution assessments in the Arctic using systematic sampling approaches as was done for samples 22–53 in this study (Table 2). Citizen scientists are willing and able to quickly learn and conduct various sampling protocols, even relatively difficult ones if the instructions are well-written and well-rehearsed (e.g., Walther et al., 2018; Yen et al., 2022). Consequently, we foresee many productive collaborations between scientists and citizen scientists in the future.
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Sample Location Line  Sample  Sediment Sediment Polymer No. No. of No. of

no. I ID weight (g)  volume type ME&MP  ME&MP per ME&MP per
(mL) kg L sediment
sediment
1 Alpinioya 1 - - 969.8 590 - 0 0 0
2 Alpinioya 2 - - 8437 500 - 0 0 0
Gjertsenodden/St. - - 16332 900 - 0 0 0
Jonsfjord
4 Mushamna, - - 577.0 300 - 0 0 0
Woodfjord
5 ‘Wahlenbergfjord, - - 530.1 310 - 0 0 0
south of
Kloverbladbukta
6 Kiepertoya/Hinlopen | - - 564.9 300 - 0 0 0
Strait 1
7 Kiepertoya/Hinlopen | - - 4747 300 - 0 0 0
Strait 2
8 Engelskbukta - - 8718 500 - 0 0 0
9 Lomfjord, - - 4731 630 polypropylene 4920 103995 7809.5
Rekvekstranda
10 Hornbaekpollen/ - - 12726 620 - 0 0 0
Liefdefjord
11 Arlaneset - - 6686 340 - 0 0 0
12 Colesbukta - - 2316 110 - 0 0 0
13 Bamsebu 1 - - 287.5 190 - 0 0 0
14 Bamsebu 2 - - 10624 600 - 0 0 0
15 Hornsund, = 5 7443 400 2 0 0 0
Gashamna, East -
Konstantinovka
16 Storfjorden - - 6370 400 - 0 0 0
Boltodden north
17 Storfjorden - - 6210 400 - 0 0 0
Boltodden south
18 Kiepertoya - - 7584 500 - 0 0 0
19 Nordaustland - - 862.6 510 - 0 0 0
Murchisonfjord
20 Liefdefjorden - - 12822 700 - 0 0 0
Texas Bar
21 Krossfjorden - - 18845 1100 - 0 0 0
Ebeltofthamna
2 Gashamna 2L s1 26208 1400 - 0 0 0
2 Gashamna 2L s2 2658.0 1450 - 0 0 0
2 Gashamna 2L 3 26283 1450 - 0 0 0
25 Gashamna 2L sS4 29736 1900 - 0 0 0
26 Gashamna 1L s1 26614 1500 - 0 0 0
27 Gashamna 1L s2 27852 1600 - 0 0 0
28 Gashamna 1L 3 25559 1550 - 0 0 0
29 Gashamna 1L 4 2461.0 1300 - 0 0 0
30 Gashamna oL s1 26515 1400 - 0 0 0
31 Gashamna oL 2 28836 1700 polyester- 6 21 35
epoxide
32 Gashamna oL s3 28199 1700 - 0 0 0
33 Gashamna oL 4 27929 1800 - 0 0 0
34 Gashamna IR s1 29170 1750 - 0 0 0
35 Gashamna IR 2 28228 1600 - 0 0 0
36 Gashamna IR s3 25738 1400 - 0 0 0
37 Gashamna IR 4 23809 1250 - 0 0 0
38 Gashamna 2R S1 3035.7 1650 - 0 0 0
39 Gashamna 2R 2 28155 1700 - 0 0 0
40 Gashamna 2R s3 26918 1800 - 0 0 0
41 Gashamna 2R 4 27117 1800 - 0 0 0
12 Signehamna A 1 1497.5 1100 - 0 0 0
43 Signehamna A 2 17920 1200 - 0 0 0
44 Signehamna A 3 19138 1100 - 0 0 0
45 Signehamna A 4 1757.0 1200 - 0 0 0
16 Signehamna A 5 16799 1000 - 0 0 0
47 Signehamna A 6 15753 900 - 0 0 0
48 Signehamna B 1 17088 900 - 0 0 0
49 Signehamna B 2 16652 850 - 0 0 0
50 Signehamna B 3 17962 1050 - 0 0 0
51 Signehamna B 4 1671.0 850 - 0 0 0
52 Signehamna B 5 1307.3 600 - 0 0 0
53 Signehamna B 6 13124 550 - 0 0 0
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Location Latitude N Substrate Exposure  Marine
region
1 Alpinioya 1 2 2016 |1 | 8034912 2476492 sand island Arctic Sea
B Alpinioya 2 2 2016 |1 | 8034912 2476492 sand island Arctic Sea
3 Gertsenodden/St. Jonsfjord 5 2017 |1 7852857 1288460 - fjord Greenland Sea
4 Mushamna, Woodfjord 20 07 1| esn 1424228 - ford Arctic Sea
5 Wahlenbergfjord, south of 2 w7 1| s 27ie2 - end of flord  Barents Sea
Kloverbladbukta
6 Kiepertoya/Hinlopen Strait 1 23 2007 |1 | 7897772 2165653 sand, pebble, strait Barents Sea
rock
7 Kiepertoya/Hinlopen Strait 2 2 2017 |1 7897800 21.65797 sand, pebble, strait Barents Sea
rock
8 Engelskbukta 29 2017 1| 7884900 1181933 - | bay Greenland Sea
9 Lomfjord, Rekvekstranda 7 2017 |1 7954800 18.03500 pebble ford Barents Sea
10 Hornbeekpollen/Liefdefjord 25 2017 |1 7960500 1262333 pebble fiord Arctic Sea
1 Arlaneset 2 2017 |1 7967333 1270333 - exposed Arctic Sea
coast
12 Colesbukta 30 2017 1| 7811667 1501667 - | ford Greenland Sea
3 Bamsebu 1 6 2021 |1 | 7755145 1506313 sand, pebble fjord Greenland Sea
1 Bamsebu 2 6 2021 |1 | 7755278 1506172 sand, pebble fiord Greenland Sea
15 Hornsund, Gashamna, east 7 2021 |1 7693948 1587773 sand, pebble fiord Greenland Sea
Konstantinovka
16 Storfjorden Boltodden north 8 2021 |1 | 7750245 18.09707 sand, pebble ocean Barents Sea
17 Storfjorden Boltodden south 8 2021 | 1| 7750080 1820875 sand, pebble ocean Barents Sea
18 Kiepertoya 9 2021 1 7897633 2167238 sand, rock strait Barents Sea
19 Nordaustland Murchisonfjord 12 2021 |1 8003327 1881550 pebble fjord Arctic Sea
2 Liefdefjorden Texas Bar 13 2021 |1 7961402 1269907 sand, pebble ford Arctic Sea
21 Krossfjorden Ebeltofthamna 16 2021 |1 795753 1163838 pebble fjord Greenland Sea
2 Gashamna 25 2022 | 20 7693829 15,82907 sand, pebble bay Greenland Sea
Signehamna 1 2022 | 12 | 7926733 1153138 pebble fiord Greenland Sea
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