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Plastic production and plastic waste have increased to such an extent that it has become globally ubiquitous. Several studies already have investigated the meso- and microplastic pollution along the German Baltic and North Sea coasts, but were all limited to a few locations. To obtain representative bulk samples from sandy beaches along the entire German coast, we initiated a citizen-science project entitled “Microplastic Detectives.” Here, we describe in detail 1) how we recruited, instructed, and engaged citizen scientists, 2) why we chose bulk sampling over reduced-volume sampling, and 3) the laboratory methods we used. The citizen scientists collected 1,139 samples from 71 locations along the German coast, totalling 2.2 tons of sand. After drying, sieving with a 1 mm sieve, and visual inspection of the retained fraction under a binocular microscope, all putative plastic particles ≥1 mm were analysed by attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. 177 out of 1,139 samples (15.5%) contained a total of 260 plastic particles, with a large right-skewed variation among locations. Most of the particles were fragments, foils, foams, fibres, and pellets (96.2% in total), and 89.6% of the particles were made of polyethylene, polypropylene, polyester, and polystyrene. The unweighted mean pollution densities were 4.12 particles m−2, 0.17 particles kg−1 and 0.27 particles L−1, and the weighted mean pollution densities were 3.77 particles m−2, 0.11 particles kg−1 and 0.18 particles L−1. These densities are lower than in other similar studies, but previous studies had important methodological differences. We discuss how these differences could have influenced the results and make recommendations for improving future studies. Two important recommendations are 1) to use random or stratified random sampling and 2) to run transects perpendicular (rather than parallel) to the waterline. Our study highlights that large-scale, scientifically rigorous monitoring of meso- and microplastic pollution is possible at the national level, and possibly even at much larger spatial and temporal scales. With the help of local authorities, such a monitoring program could be established.
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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, 2020) and are predicted to continue on this path (Borrelle et al., 2020; Lau et al., 2020). Therefore, it is not surprising that plastic pollution has become ubiquitous (Tekman et al., 2022) and has been documented in the marine (Bergmann et al., 2017a), freshwater (Koutnik et al., 2021), terrestrial (Schwarz et al., 2023), polar (Bergmann et al., 2022; Walther and Bergmann, 2022), and atmospheric realm (Allen et al., 2022). Over time, plastics break down into smaller particles due to the action of UV light, temperature and mechanic abrasion (Arp et al., 2021) with a 50-fold increase in the ocean expected by 2,100 (Everaert et al., 2018). This irreversible plastic pollution has begun to impact species, populations, and ecosystems to varying degrees, running the entire spectrum from interactions causing no detectable harm to severe harm (Bergmann et al., 2015; Tekman et al., 2022), and could lead to irreversible harm unless severe reductions in production and pollution are achieved (MacLeod et al., 2021; Persson et al., 2022).
Owing to various pollution sources, macro-, meso- and microplastics now also prevail in the Baltic and North Seas. They have been found in large numbers in the water column (Hänninen et al., 2021; Roscher et al., 2021; Narloch et al., 2022; She et al., 2022), sublittoral sediments (Lorenz et al., 2019; Näkki et al., 2019; Kukkola et al., 2022), beach sediments (Supplementary Table S10), and many species (Tekman et al., 2022), including zooplankton (Setälä et al., 2014), mussels (Halbach et al., 2022), demersal species (Pagter et al., 2020), fishes (Lenz et al., 2016; Rummel et al., 2016), seabirds (van Franeker et al., 2011), seals (Unger et al., 2017; Philipp et al., 2020), porpoises (Unger et al., 2017; van Franeker et al., 2018), and whales (Unger et al., 2016).
Citizen-science is rapidly expanding into many fields of research. It is defined as scientific research conducted in partnership between professional scientists and institutions with people who are not professionally working as scientists in the relevant scientific field (Kullenberg and Kasperowski, 2016). It involves public participation and collaboration in scientific research with the aim of increasing scientific knowledge; this participation can range from data collection to the interpretation and dissemination of scientific results. Topics can cover almost every realm of science, and the degree of participation can also vary greatly (Shirk et al., 2012). Its importance for plastic pollution research is evident from at least eight reviews that 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 evaluated challenges and opportunities (Nelms et al., 2022). Several citizen-science projects have assessed macro-debris pollution, which consists mainly of debris made of plastic in the Baltic Sea and North Sea region (e.g., Falk-Andersson et al., 2019; Honorato-Zimmer et al., 2019; Schöneich-Argent et al., 2019; Turrell, 2019). To the best of our knowledge, there are only eight examples worldwide of citizen science projects investigating meso- and microplastic pollution in coastal marine environments (e.g., Hidalgo-Ruz and Thiel, 2013; Gewert et al., 2017; Doyen et al., 2019; Carbery et al., 2020; Nel et al., 2020; Paradinas et al., 2021; Jones et al., 2022; Pasolini et al., 2023).
Given the scarcity of comparable data on the large-scale distribution of microplastic pollution along German coastlines, we devised a citizen-science project to expand the scale of observations and quantify meso- and microplastic pollution along German Baltic Sea and North Sea beaches. The involvement of citizen scientists allowed us to sample the entire German coastline to detect variation in pollution levels but also to generate publicity for this environmental issue (Kiessling et al., 2021). This project was called “Microplastic Detectives” (Mikroplastikdetektive in German) and involved citizen scientists in three out of the four stages of the project. During the first stage, a realistic sampling concept was developed through discussion and joint initial sampling with professionally trained scientists and citizen scientists. During the second stage, various groups of citizen scientists were recruited to collect samples on sandy beaches of the Baltic and North Seas. During the laboratory stage, macro-, meso- and microplastic particles were extracted from the sand samples. Throughout the project, but especially during the final stage, the results were disseminated to the public via social and traditional media, involving the citizen scientists in the media work.
In this paper, we describe in detail 1) how we arrived at the particular sampling method through discussions with professional and citizen scientists, 2) the levels of plastic pollution detected at 71 sampling locations, 3) statistical analyses relating independent variables to pollution levels, and 4) reviewing and comparing our results with previous studies.
2 MATERIALS AND METHODS
2.1 Size definitions
Definitions of size categories for plastic pollution vary (Hartmann et al., 2019). We used the following definitions which are commonly (but not always) used: megaplastics (>100 cm), macroplastics (2.5–100 cm, abbreviated as MA), mesoplastics (5–25 mm, abbreviated as ME), microplastics (0.0001–5 mm, abbreviated as MP), and nanoplastics (1–100 nm). Since we focus mainly on meso- and microplastic particles, we also calculated amounts for both categories combined (abbreviated as MM). For calculations which included macro-, meso- and microplastic particles, we summarize them as plastic particles (abbreviated as PP).
2.2 Sampling methodology
In Supplementary Text S1.1, we describe in detail how we arrived at the major strategic decisions for our sampling methodology based on discussions with several professional and citizen scientists during the first few months of the project. Since the project was only funded for 20 months (September 2021–April 2023), we decided to collect samples from sandy beaches but not to sieve these samples on site (Supplementary Text S1.1; Supplementary Figure S1). This option avoided possible bias introduced by differences in sample pre-processing by different citizen scientists. Rather, the citizen scientists were instructed to send whole sand samples to our institute in metal boxes (in other words, to conduct bulk sampling instead of in situ volume-reduced sampling, see Hanvey et al., 2017). Once this decision was reached, detailed sampling instructions were shared (Supplementary Text S2), which we summarize below.
2.3 Recruiting citizen scientists
The next step was to engage citizen scientists to sample as many beaches along the German coastlines of the Baltic Sea and North Sea as possible. Supplementary Text S1.2 describes in detail how we recruited citizen scientists through a combination of contacting “the usual suspects” of relevant non-governmental organisations (NGOs) and government agencies, followed by “snowball sampling,” which resulted in approximately 100 contacts with various individuals and citizen scientists affiliated with NGOs (Supplementary Text S4). Each potential participant received the sampling instructions (Supplementary Text S2), a project summary (Supplementary Text S5), background information (Supplementary Text S6) and all sampling equipment (listed under “Material and equipment provided by the Alfred Wegener Institute” in Supplementary Text S2.2). Since many publications refer to “sand samples” as “sediment samples,” we emphasize that all our samples were indeed sand samples from sandy beaches.
2.4 Collecting sand samples
The citizen scientists decided when and where to take the samples. On the chosen sandy beach, the citizen scientists selected a random point from which to start measuring the sampling grid using our instructions (see detailed instructions in Supplementary Text S2.2). At most locations, the length of the grid was 100 m along the water’s edge, and the width was determined by the width of the beach (Figure 1). At each of the 20 sampling points, a stainless-steel frame (24 × 24 cm sampling area = 0.0576 m2) was pushed into the sand (only the first three locations listed in Supplementary Table S4 had a sampling area of 0.36 m2 due to a misunderstanding). Using a metal shovel, a metal container (195 × 153 × 76 mm, Tinware Direct) was filled with sand from within the sampling frame, so that several centimetres of sand were evenly removed from the sand surface. At some locations, the grid was modified because the citizen scientists chose to sample fewer than five collection lines because of spatial or temporal constraints, resulting in different sample sizes (Supplementary Table S4). The citizen scientists sealed all the containers with adhesive tape and sent them to the Alfred Wegener Institute in Bremerhaven, Germany. Metadata (data collection sheet “Location,” photos, additional information such as suggestions for improvement) were emailed to BAW and entered into a database.
[image: Figure 1]FIGURE 1 | Sampling grid used to establish sampling points (dark red squares) for the 71 sampling locations (Supplementary Table S4). 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).
For each sampling location, we categorized independent variables such as the location’s region (Baltic Sea, North Sea, river Elbe, or river Weser) and its island status (island or coastline), which were deduced from the geographic coordinates (Supplementary Table S4; Figure 2).
[image: Figure 2]FIGURE 2 | Map of the 71 sampling locations along the German coast (Supplementary Table S4). All inland locations are situated on beaches along the Elbe and Weser rivers. A close-up map of Norderney (westernmost sampling locations) is shown in Supplementary Figure S15 (map sources: OpenStreetMap contributors; GeoBasis-DE / BKG (2024); SRTM data (2014, NASA), processed by mundialis).
2.5 Laboratory work
Details of the entire laboratory work flow are provided in Supplementary Text S7. Each sand sample was dried at 50°C for 1–3 days until dry, which is the upper temperature limit for drying sand samples 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), as higher temperatures could change the chemical and morphological structure of polymers (Munno et al., 2018; Pfeiffer and Fischer, 2020; Primpke et al., 2020; Goli et al., 2022). The dry weight of each sand sample was determined (Kompakt Waagen Kern EMB-Series 6000-1, accurate to 0.1 g), as was its volume using a glass beaker. The sand was poured into a 5-mm steel sieve stacked on top of a 1-mm steel sieve (A Rocha International, 2018). The contents of the two sieves were then inspected to remove any obvious non-plastic materials such as vegetation, large stones, shells, etc. if no plastic particles were attached to these materials.
To minimise contamination of the samples with airborne PP, a high-performance air purifier (DustBox 1000 VSC Hochleistungs-Luftreiniger H14) ran continuously alongside the laboratory ventilation system. White laboratory coats made of cotton were worn by all laboratory workers, and synthetic textiles avoided. All samples were immediately covered with aluminium lids when not in use.
In addition, we set our lower boundary of PP to 1 mm a priori, assuming that plastics ≥1 mm would not easily become airborne and contaminate our samples (thus our range for microplastics was restricted to 1–5 mm). To test this, we filled a bowl with a 500 cm2 surface area with Milli-Q water and placed it next to the laboratory equipment, so that the water could catch airborne particles (=blank). At the end of five working days in the laboratory, we filtered the water from the bowl through a 5-μm pore size filter paper using a vacuum pump connected to a collecting flask via a rubber tube (Lee et al., 2019). Since there were no plastic particles on any of the examined filters, we concluded that there was no airborne contamination of our sand samples with plastic particles ≥1 mm.
2.6 Visual examination
The contents remaining in the sieves were first visually examined under a binocular microscope (Olympus SZX16) 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 (Supplementary Figures S13, S14). We then visually scrutinised the contents for putative PP. Since most of it consisted of sand particles and bicarbonate shells, fragments and organic material (e.g., stems, algae), it usually took only a few minutes to pick out putative plastic particles with tweezers for analysis. A photo was taken, and then each particle was placed in a labelled container (see Supplementary Text S7).
Every putative PP particle was analysed by attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. Non-suspect particles were all particles that were clearly sand particles or complete or broken shells, which 1) made up most of the contents of the fraction retained in the 1-mm sieve and 2) can be easily distinguished via visual examination after training (e.g., Esiukova, 2017; Section 2.3 in Kunz et al., 2016; Section 2.2 in Bancin et al., 2019). Any particle that did not clearly belong into the category of non-suspect particle was analysed by ATR-FTIR. In most cases, our initial visual classifications were confirmed as plastics. But in some cases, they turned out to be made of bicarbonate, cellulose, glass, coal, or metal. If the analysis showed that the particle was made of a plastic polymer, we recorded the following data.
2.6.1 Plastic shape
Fragments: These included all particles that were likely fragments of previously larger particles. Fragments are characterized by an irregular shape, as well as signs of breaking, cutting, or abrasion.
Foils: These included all particles that were thin, sheet-like, flexible, and likely originated from bags, packing foil, or other similar foil type items.
Foams: These included all particles that were soft and flexible and appeared like Styrofoam or other foamy or spongy plastic materials.
Fibres: Some fibres in our samples were tangled together in larger bundles that could not be disentangled for individual fibre count. In those cases, each bundle was counted as one fibre in a sample. Consequently, the number of fibres only represents a minimum estimate.
Pellets: These included all industrial resin pellets (also called nurdles) which are a primary microplastic and occurred as cylindrical or spherical particles.
Rare shapes: There were several items whose shape is self-explanatory, namely cigarette filter, bottle cap, button, stick, and plastic cap.
2.6.2 Particle size
The maximum length was defined as the longest possible distance between two endpoints of the particle and was measured with a calliper to an accuracy of ±0.1 mm in order to categorize the particle as macro-, meso-, or microplastic.
2.6.3 Particle colour
The colour was determined visually.
2.7 Polymer identification
An ATR-FTIR spectrometer (ALPHA Basis Modul A250/DII, Bruker Optics) was used to identify the polymer type of putative PP in combination with reference spectra in the libraries of the installed OPUS software and the freeware siMPle (Primpke et al., 2018; Primpke et al., 2020; Supplementary Text S8). We set the hit quality index (HQI) at ≥0.70 (i.e. at least a 70% match with the reference spectrum) (Renner et al., 2019). Each particle was analysed only once if the HQI was ≥0.70. At a lower HQI, we analysed the particle three times in different orientations, and particles were considered plastic if the resulting mean HQI was ≥0.70.
2.8 Calculation of unweighted and weighted averages
Since the amount of sand collected at each sampling location varied (Supplementary Table S4), we used two methods to calculate a mean for the pollution level.
The first one is to use each of the 71 sampling locations as one unweighted datapoint (even though the sampled area and the mass and volume of sand recovered from each location could differ). This calculation results in an unweighted average (or mean) because each sample is given the same importance despite differences in the area or amount of sand being different (this is the “usual” way of calculating a mean). The second method is to use each of the 71 sampling locations as a weighted datapoint (with the weight of the datapoint depending on the amount of area, mass, or volume). This calculation results in a weighted average (or mean) because each sample is given an importance (or weight) according to the amount of area, mass, or volume. In our case, calculating the weighted mean is essentially the same as simply dividing the total number of PP by the total area or total mass or volume of sand (Supplementary Text S9). The unweighted means are given with ±1 standard deviation.
2.9 Statistical analyses
We used the non-parametric Mann-Whitney U test and Spearman’s rank correlation because most data were not normally distributed (e.g., Figures 3–6; Supplementary Figure S16). All p-values are two-tailed, and a level of p < 0.05 was considered statistically significant.
[image: Figure 3]FIGURE 3 | Size frequency histogram of 258 plastic particles found in 1,139 sand samples along the German coast.
[image: Figure 4]FIGURE 4 | Frequency histogram of plastic particles per unit area at 71 sampling locations along the German coast.
[image: Figure 5]FIGURE 5 | Frequency histogram of the number of plastic particles per unit mass at 71 sampling locations along the German coast.
[image: Figure 6]FIGURE 6 | Frequency histogram of plastic particles per unit volume at 71 sampling locations along the German coast.
2.10 Comparison to previous studies
In order to compare our results to similar studies, we conducted a search for studies, which 1) sampled sandy sediments on beaches, 2) were conducted along the Baltic or North Sea coasts, and 3) focussed on meso- and microplastic densities (in N kg−1 sediment). The literature search was conducted with Google Scholar and Web of Science using combinations of the following keywords: Baltic Sea, North Sea, microplastic, mesoplastic, beach, sand, and sediment), the database LITTERBASE (Bergmann et al., 2017a; Bergmann et al., 2018), and cross-referencing.
3 RESULTS
3.1 Summary information about collections
Seventy-one locations were sampled between September 2021 and December 2022 (Supplementary Table S4) by approximately 300 participants from 30 organizations (Supplementary Text S4), who collected 1,139 samples along the Baltic and North Sea coasts (Supplementary Table S4; Figure 2). Since ten samples were damaged during transport, 1,129 samples were analysed. In total, an area of 68.36 m2 was sampled, and 2,245.562 kg and 1,423.180 L of sand analysed (Table 1).
TABLE 1 | Summary data of 71 sampling locations and plastic pollution levels (data for each sampling location are presented in Supplementary Tables S4–S6; width, area, mass, and volume of each sampling location are given in Supplementary Table S4).
[image: Table 1]3.2 Quantities and frequency of plastic pollution
One hundred seventy-seven out of 1,139 samples (15.5%) contained a total of 260 plastic particles. The highest levels of plastic particles were found at Hohe Düne (26.04 N m−2), Övelgönne 1 (22.57 N m−2), and Wassersleben (22.57 N m−2). Nineteen out of 71 locations (27%) contained no plastic particles (Supplementary Table S5).
Across all locations, the mean number of microplastics, mesoplastics, and macroplastics recovered was 1.09 MP, 1.86 ME, and 0.69 MA, respectively (Table 1). Since these means are biased due to different sample sizes (area, mass, and volume in Supplementary Table S4), we calculated the densities per area (m2), mass (kg), and volume (L) for each of the 71 locations, and then used these densities to calculate the weighted and unweighted mean pollution levels for microplastics (MP), mesoplastics (ME), macroplastics (MA), meso- and microplastics (MM), and macro-, meso- and microplastics (PP) (Table 1). For MM, the mean density was 3.06 and 3.21 N m−2, 0.09 and 0.13 N kg−1 sediment, and 0.15 and 0.21 N L−1 (always giving the weighted before the unweighted mean). For PP, the mean density was 3.77 N m−2 and 4.12 N m−2, 0.11, and 0.17 N kg−1 sediment, and 0.18 and 0.27 N L−1. Each mean pollution level was higher as an unweighted mean than as a weighted mean with the exception of the density per m2 for mesoplastics (Darea ME). All ranges included zero values, and 1) the mid-value of the range was always considerably higher than the values of the mean (both weighted and unweighted), and 2) the median was always lower than the mean (both weighted and unweighted), indicating uneven, right-skewed distributions of the pollution densities (Figures 4–6).
3.3 Characteristics of plastic particles
Two hundred and sixty plastic particles were recovered from the 1,139 samples, of which 77 were microplastics (29.6%), 132 were mesoplastics (50.8%), and 49 were macroplastics (18.8%), with two particles not measured (Table 2). The size frequency distribution showed a right-skewed (or positively skewed) distribution (Figure 3). Of the ten shape categories, fragments, foils, foams, fibres, and pellets were the most abundant, accounting for 96.2% of particles (Table 2). White colour was by far the most frequent colour (Table 2).
TABLE 2 | Summary of characteristics of 260 plastic particles (Supplementary Table S7) found at 71 sampling locations along the German coast (Figure 2) given as numbers (N) and proportion.
[image: Table 2]We identified 25 polymer types (Table 2), with the four most common polymer types being much more abundant than the others, resulting in a right-skewed distribution with a distinct break between the abundant and rare types (Supplementary Figure S16). Polyethylene (five types: high density, low density, chlorinated, oxidized, wax), polypropylene (one type only), polyester (three types: normal, epoxide, copolyester), and polystyrene (three types: normal, expanded, acrylonitrile) accounted for 89.6% of all plastic particles.
3.4 Plastic pollution related to independent variables
As expected, the three measures of pollution (density per area, density per mass, and density per volume) were highly autocorrelated (Spearman’s rank correlation and n = 71 for all; Darea PP versus Dmass PP, Z = 7.77, rho = 0.93, p < 0.0001; Darea PP versus Dvol PP, Z = 7.79, rho = 0.93, p < 0.0001; Dmass PP versus Dvol PP, Z = 8.36, rho = 0.99, p < 0.0001). The results for the other categories of plastic particles (MP, ME, MA, and MM) were essentially the same.
There was a positive relationship between the four sampling points (from the water’s edge to the beach’s upper boundary, see Figure 1) and the number of plastic particles (PP) recovered, although this relationship was not statistically significant (Supplementary Table S8; Spearman’s rank correlation, n = 4, Z = 1.39, rho = 0.80, p = 0.17). Only 16.3% of all recovered plastic particles came from sampling point 1, but 33.9% from sampling point 4. The results for other categories of plastic particles (MP, ME, MA, and MM) were similar.
When we tested for differences between categories of region and island status, the results were again essentially the same for all categories of plastic particles, so we only report results for the category PP here (Supplementary Table S9). Baltic Sea samples had lower pollution levels of Dmass PP and Dvol PP, but the difference was not significant. There was no significant difference for pollution levels between ocean locations and river locations. Furthermore, there was no significant difference in pollution levels between coastal and island locations, which was also the case when we restricted the comparison to North Sea locations. However, when we limited this comparison to the Baltic Sea, pollution levels were higher in coastal than in island locations, but these differences were just outside the significance level (p = 0.06, see Supplementary Table S9).
When we considered only the 20 locations with the highest Darea PP, Dmass PP, and Dvol PP among the 71 locations, we noticed that the North Sea island of Norderney accounted for five, nine, and nine locations, respectively, of these 20 locations. Since Norderney contributed a total of 13 locations (Supplementary Figure S15), 38.5%, 69.2%, and 69.2% of all Norderney locations belonged to the 20 most polluted locations. Therefore, we also compared the 13 Norderney locations with the remaining 20 North Sea locations. We found no significant difference for Darea, but the Norderney locations had significantly higher pollution levels in terms of mass and volume (Supplementary Table S9).
3.5 Comparison to previous studies
Our literature search yielded 17 comparable studies conducted between ∼2009 and 2019 (Supplementary Table S10). As they vary considerably in 1) the number of locations sampled, 2) the number of samples, 3) sampling design (random or non-random), 4) amount of sediment sampled, 5) size definition of microplastics, 6) extraction method (e.g., visual inspection or density separation), 7) identification approach (visual, ATR-FTIR, Raman spectroscopy), and reporting (unweighted mean, weighted mean, median, and range), comparisons are difficult.
Our study had the lowest unweighted mean density (0.14 MP kg−1) compared to the densities of the 12 previous studies (range 1.77–160.3 MP kg−1) (Supplementary Table S11). Our study also had the lowest median density (0.05 MP kg−1) compared to the previous studies (range 4–293 MP kg−1).
However, many of these studies counted microplastics <1 mm, whereas our study only counted microplastics ≥1 mm. If we only include data from previous studies that reported densities of microplastics ≥1 mm, the following five values were reported: 0.0 MP kg−1, 0.7 MP kg−1, and 16.1 MP kg−1 for three different locations in Kiel (Schröder et al., 2021), 0.7 MP kg−1 in the Russian Baltic Sea (Esiukova et al., 2020) and 3.2 MP kg−1 in the German/Polish Baltic Sea (Esiukova et al., 2021) (mean of these five values: 4.14 ± 6.80 MP kg−1) (Supplementary Table S10). These values thus overlap with our mean density of 0.14 MP kg−1. Furthermore, several mean densities reported in global reviews were also lower than our mean density (Supplementary Table S10).
Focussing again on the unweighted mean density, the mean density for the Baltic Sea (n = 10 studies, 64.2 ± 58.7 MP kg−1) was higher than the mean density for the North Sea (n = 4 studies, 27.6 ± 45.4 MP kg−1), but this difference was not significant (Supplementary Table S11; Mann-Whitney U test, U = 12.0, p = 0.26). However, the mean density for locations in Poland and Russia (n = 7 studies, 86.1 ± 53.2 MP kg−1) was significantly higher than the mean density for the other locations (n = 8 studies, 28.4 ± 42.9 MP kg−1; Mann-Whitney U test, U = 8.0, p = 0.02).
4 DISCUSSION
4.1 Comparison to similar studies
Many of the results of our citizen science study are quite typical when compared to similar studies. First, we found the typical size distribution where smaller particles are more abundant than larger particles (Figure 3). Such a size distribution has been shown in many studies (e.g., Chubarenko et al., 2018; Hengstmann et al., 2018; Chubarenko et al., 2020; Esiukova et al., 2020; Urban-Malinga et al., 2020; Mazurkiewicz et al., 2022; but see Schröder et al., 2021).
Likewise, many studies also found that the most common shape categories were fragments, foils, foams, fibres, and pellets (e.g., Esiukova, 2017). Almost 90% of our particles were made from four polymer types (polyethylene, polypropylene, polyester, and polystyrene), reflecting the polymers most commonly used to make plastic products, particularly single-use plastics (Hanvey et al., 2017; UNEP, 2018). Again, similar results were found in previous similar studies (e.g., Dekiff et al., 2014; Graca et al., 2017; Haseler et al., 2019; Urban-Malinga et al., 2020; Schröder et al., 2021; Lenz et al., 2023). In this regard, our results reflect the current situation, which has also been documented in previous studies of sandy beaches on the Baltic and North Sea coasts (Urban-Malinga et al., 2020; Schröder et al., 2021; Hengstmann et al., 2018).
However, our results are less typical when we compare our pollution levels (Table 1) with those of other studies (Supplementary Tables S10, S11). Our unweighted mean densities of 3.21 MM m−2, 0.13 MM kg−1, and 0.21 MM L−1 are clearly the lowest estimates when compared to similar previous studies (Supplementary Table S11). There could be three reasons for these lower pollution levels.
(1) The methodologies of the studies varied widely as has been noted in many previous studies (see Section 3.5; Supplementary Table S10). One difference that probably explains many of the much higher reported pollution levels of the other studies is that they included microplastics < 1 mm. The lower detection limit plays a fundamental role because smaller size categories tend to be much more abundant. For example, earlier studies showed that microplastics ≤25 μm make up 88% of MP in sea ice, 82% in water, and 80% in sediment samples (e.g., Bergmann et al., 2017b; Peeken et al., 2018; Tekman et al., 2020). Focusing on studies with a detection limit of ≥1 mm, the resulting mean value is only 4.14 MM kg−1 (Section 3.5), which is closer to our density, but still about thirty times higher.
(2) Many previous studies did not take random samples, but often selected accumulation or deposition areas, such as drift and wrack lines (Hanvey et al., 2017). For example, the targeted sampling of wrack lines could be a reason for the very high microplastic levels found at Russian and Polish Baltic Sea beaches (Esiukova, 2017; Chubarenko et al., 2018; Chubarenko et al., 2020; Esiukova et al., 2020; Esiukova et al., 2021). As only few previous studies applied a random or a stratified random sampling approach, the reported densities of many studies could be positively biased (Walther and Moore, 2005; Hanvey et al., 2017). Some studies lack detailed information on sampling strategies, making evaluation and comparison even more difficult.
(3) Studies from Poland and Russia reported pollution densities significantly higher than those from the other countries (row 3 in Supplementary Table S11; Section 3.5). This difference could be real, as modelling of microplastic density in the surface waters of the Baltic Sea estimated much higher concentrations for the Polish and Russian coast than for the German coast (Figure 6 in Murawski et al., 2022). However, most of these samples also came from wrack lines (Esiukova, 2017; Chubarenko et al., 2018; Chubarenko et al., 2020; Esiukova et al., 2020; Esiukova et al., 2021). The high microplastic densities reported for Poland and Russia may thus reflect higher than usual concentrations or targeted sampling, or both.
Although our pollution densities are lower than in previous reports, we believe that they are a good reflection of reality because 1) our sampling scheme was random, 2) our sampling locations were spread over the entire North and Baltic Sea coasts with few gaps, and 3) we sampled a much larger amount of sand (2.2 metric tons) than any previous study. It should also be noted that our means are still higher than those of some of the studies listed in the global reviews (Supplementary Table S10).
4.2 Suggestions for future studies
In order to evaluate if our pollution levels are unrealistically low or whether the pollution levels in the Polish and Russian studies are biased, researchers from the region would need to at least agree on a 1) standardized stratified random sampling approach with sufficient sampling effort, e.g., by utilizing resampling curves (Bancin et al., 2019) and 2) harmonized laboratory procedures (Fisner et al., 2017; Hanvey et al., 2017). As areas of low and high microplastic density tend to run parallel to the waterline (e.g., drift and wrack lines, see references in Supplementary Table S11), thus reflecting depositional patterns, sampling transects should be perpendicular to the waterline, rather than parallel as in many previous studies. Alternatively, samples should be taken in a grid (Figure 1) or a combination of both (e.g., multiple parallel and equidistant transects all perpendicular to the waterline, similar to Bravo et al., 2009; Heo et al., 2013; Hengstmann et al., 2018; Bancin et al., 2019). Otherwise, the results will never be comparable (Hanvey et al., 2017), and we will continue to grope in the dark trying to discern reasons for differences in pollution levels.
Data reporting also varied between studies (Supplementary Table S10); e.g. very few studies reported all three pollution dimensions (m−2, kg−1, L−1), means were only calculated as unweighted means and never as weighted means, medians or ranges were not reported, results only sometimes included different size categories or presented size categories only as histograms (as in Figure 3), total numbers were not always reported (as in Tables 1, 2), and percentages for the size classes, shapes, colours, and polymer types of plastic particles (as in Table 1) were not always reported. In many cases, the raw data were not presented or available and thus did not satisfy the FAIR (Findable, Accessible, Interoperable, and Reusable) criteria (Jenkins et al., 2022). Therefore, we urge future researchers to provide their raw data and to report their results more comprehensively (see also Hanvey et al., 2017).
Another reason for lower pollution levels on German beaches could be that many beaches are subject to daily grooming during the high season. Although raking devices target primarily macroplastics, they could also incidentally remove smaller plastics. The removal of larger items could also reduce the potential for fragmentation into smaller particles compared to less groomed beaches. In addition, regular raking could promote the burial of plastics into deeper layers beyond the reach of surface sampling (as conducted in this and most other studies). The net benefit of mechanical grooming for beach biodiversity is controversial (Zielinski et al., 2019; Bergmann et al., 2023).
4.3 Heterogeneous distribution of plastic pollution
Another almost universal feature of plastic pollution studies is that pollution levels tend to be highly heterogeneous, with many areas of low pollution levels and a few hot spots (e.g., Walther et al., 2018; Bancin et al., 2019; Turrell, 2019; Yen et al., 2022). This is due to differences in source emissions, geographical features, ocean currents, the shape, buoyancy, and chemical composition of plastic particles, and the distribution and behaviour of marine organisms (including biofouling) (Rezania et al., 2018). Our results concur with this view. First, we found right-skewed distributions for pollution levels (Figures 4–6). Second, we found that the pollution levels of coastal locations were higher than those of island locations in the Baltic Sea, although the results were not statistically significant. We are not aware of any other studies that compared coastal sites with nearby islands, so this may be a novel finding. Third, we show that the North Sea island of Norderney had significantly higher pollution levels than all other North Sea locations (0.43 PP kg−1 versus 0.08 PP kg−1; Supplementary Table S9). Dekiff et al. (2014) recorded an even higher density of 1.77 MP kg−1 on Norderney but this could be explained by their lower detection limit (0.5 mm versus 1.0 mm). Another reason could be that Norderney has the highest number of visitors of all the East Frisian islands (Statista, 2024).
We also found that pollution levels increased from the waterline towards the top of the beach, although this was not statistically significant (Section 3.4). This could be due to landward winds blowing plastics towards the back of the beach. However, Bancin et al. (2019) found that the backshore (similar to sampling point 2 in our study) had higher pollution levels than areas further up the beach (similar to sampling points 3 and 4 in our study). To better understand the reasons for the heterogeneous two- or even three-dimensional distribution of plastic particles across beach areas (Turra et al., 2014; Chubarenko et al., 2018), a combination of intensive sampling, modelling, and experimentation would be required since many factors influence the distribution of plastics across and within individual beaches.
4.4 Bulk samples collected in situ are advantageous for citizen science projects
While the numerical results and the geographical coverage of our study are noteworthy, we would argue that the main contribution of this study is to demonstrate that large-scale and scientifically rigorous monitoring of meso- and microplastic pollution at the national level is possible in a relatively short time frame with the support of citizen scientists. We also demonstrated the many advantages and few disadvantages of citizen scientists sending bulk samples to the laboratory (Supplementary Table S1). For example, it is almost impossible even for professional scientists to accurately determine the mass and volume of sand samples in situ, as it is impossible to determine the dry weight of sand on the beach when it is wet. Therefore, our method may be suitable for international studies if it is possible to send out bulk samples, which would also be required for studies targeting plastics <1 mm that are too small to be picked out in the field.
In this context, it is important to mention two important details here. We were lucky to find a tinplate container that was 1) of the right size, 2) strong enough to withstand postal transport if properly packaged (e.g., with additional wrapping with newspapers and cardboard), 3) not too expensive and (4) would not leak sand if properly sealed. In previous projects, less rigid containers were often crushed and sand leaked out. Of all the equipment sent to the citizen scientists (Supplementary Text S2.2), the containers were by far the most important to get right. Another important one was the rigid sampling frame. There are many ways to determine a sampling area (e.g., drawing a circle with a stick and a string, making a square with hooks and string), but we provided solid metal sampling frames that were purpose-built to eliminate any errors in using a standard sampling area.
An important part of citizen science projects is building mutual trust between scientists and participants through personal relationships, regular peer-to-peer communication and fast response times (Supplementary Text S1.2; Dittmann et al., 2023; Thiel et al., 2023). Although it was risky and labor-intensive to assemble and send out all the equipment to the citizen scientists, once they received it, they felt compelled to use it in almost all cases. Many citizen scientists even returned the equipment, although they were allowed to keep it. We could have continued and expanded the scheme for a long time with the same materials, given the enthusiasm of most participants, and the many new requests for participation after the end of the project (see also Serra-Gonçalves et al., 2019). The approach could also support monitoring schemes for the European Marine Strategy Framework Directive (EU, 2008; EU, 2010; MSFD Technical Subgroup on Marine Litter, 2013), as the assessment of the abundance of marine debris (including meso- and microplastic) is a descriptor of the ecological status of water bodies, including coastal environments. In addition, media coverage of the project’s collection activities in various regional media raised public awareness of plastic pollution (Supplementary Table S2).
4.5 Environmental impacts and potential policy recommendations
To address the environmental impacts posed by microplastics, a comprehensive and multi-faceted policy approach is necessary (Stock et al., 2022; Syberg et al., 2024). Based on the findings outlined in the Discussion above, the following recommendations are proposed:
1. Implement standardized reporting guidelines, which requires all studies to report pollution levels in multiple dimensions (per square meter, per kilogram, per litre) and to include comprehensive data on particle sizes, shapes, colours, and polymer types (Fisner et al., 2017; Hanvey et al., 2017).
2. Enforce stricter regulations on waste management and encourage the circular economy, particularly in coastal and island areas where the highest microplastic contamination is prevalent (da Costa et al., 2020; Mihai et al., 2021).
3. Promote policies that reduce the production and use of single-use plastics, instead favouring, e.g., biodegradable alternatives (UNEP, 2018; da Costa et al., 2020; Walther et al., 2021; Stock et al., 2022; Walther et al., 2022; Bergmann et al., 2023; Baztan et al., 2024).
4. Develop national and international monitoring programs that leverage citizen science projects, as these have proven effective in large-scale and timely data collection (Hidalgo-Ruz and Thiel, 2015; Walther et al., 2018; Uhrin et al., 2022; Yen et al., 2022).
5. Fund research to understand the sources and distribution patterns of microplastics (e.g., Borrelle et al., 2020; Lau et al., 2020; Eibes and Gabel, 2022).
6. Increase public awareness campaigns to educate people about the sources and impacts of microplastics (Dittmann et al., 2023; Syberg et al., 2024). This can be achieved through media coverage, educational programs, and partnerships with local communities.
By implementing these policy recommendations, governments and organizations can better address the widespread and harmful effects of microplastics on the environment and human health (Vethaak and Legler, 2021; Gündoğdu et al., 2024).
5 CONCLUSION
Citizen science is rapidly expanding into more and more areas of scientific research, raising public awareness of the need for science and increasing the scale of observations. Our study is an example of how collaboration between professional and citizen scientists can produce insightful and novel data.
Citizen scientists are keen and able to quickly adopt sampling protocols, even relatively complicated ones with well-written and well-rehearsed instructions (e.g., Walther et al., 2018; Yen et al., 2022; Pasolini et al., 2023). We therefore foresee many productive scientist-citizen collaborations in the future.
While the results of our research are broadly typical of similar studies, our study is a major step forward because it is the first to provide data on the large-scale distribution of plastic pollution along the entire German coast using standardised methods. This would not have been possible without the support of citizen scientists. The data can be used as baseline for monitoring purposes. Repeated campaigns could enable the large-scale monitoring schemes needed to evaluate the effectiveness of new regulations.
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