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Occurrence and Distribution of Microplastics in Soils and Intertidal Sediments at Fildes Bay, Maritime Antarctica
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Increased human activity on the Antarctic Peninsula has generated microplastic contamination in marine systems; however, less attention has been paid to soils so far. We investigated the occurrence of microplastics in 11 surface soils and intertidal sediments collected from Fildes Bay, King George Island. A transect of soils at Antarctic stations until Fildes Bay was made (i.e., S1–S5). Intertidal sediments along the shore (i.e., IS1–IS5) and a reference sample from Ardley Island (i.e., IS6) were also collected. All samples were stored at 4°C and analyzed for the organic matter content, particle size, and pH. Plastic particles were counted and classified by shape using metal dissecting forceps and a stereomicroscope and further analyzed by Fourier-transform infrared spectroscopy (FT-IR). They were classified by length as fibers (length: 500–2,000 μm) and fragments (length: 20–500 μm). In soil, fragments reached an average of 13.6 particles/50 ml sample, while in intertidal sediments, no fragments were found, but a fiber abundance of 1.5 particles/50 ml sample was observed. The principal component analysis shows a relationship between fibers and intertidal sediments, whereas fragments present a relationship with soils. There were differences between the numbers of fragments found in soils and intertidal sediments (p = 0.003), with a high abundance of fragments at site S5, but no significant differences were observed for fibers. The physicochemical soil analysis revealed that larger particle sizes were observed in intertidal sediments (average = 706.94 ± 230.51 μm) than in soils (p = 0.0007). The organic matter content was higher in soil than in intertidal sediments (p = 0.006) reaching an average of 6.0%. Plastic fragments and organic matter were significantly correlated (r = 0.779, p = 0.005), while fibers were positively correlated with particle size (r = 0.713, p = 0.014). The fragments were composed of phenoxy resin with the same appearance, shape, and bright orange color as the coatings of the facilities. According to the FT-IR analysis, the fibers had different colors and were composed of polyethylene terephthalate (PET). Cotton was also present at the sites surrounding the sampling site close to the base effluent. The presence of fiber on Ardley Island (i.e., control) may indicate that microplastic contamination has reached protected areas. This is the first study to confirm the presence of plastic debris in Antarctic soils. Further studies should focus on the identification of plastic sources and on the management of human activities and their eventual effects on biota.
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INTRODUCTION

Since the first expeditions, and especially since the 1950s, scientific interest in the Antarctic continent has increased; there are currently more than 80 facilities distributed mainly in coastal areas and on the Antarctic Peninsula (Bruni et al., 1997; Gröndahl et al., 2009; Lu et al., 2012; Morales Calvo, 2013). These facilities host more than 5,000 people a year; however, this number is much lower than the 74,000 tourists who arrived in the 2019/2020 season (Council of Managers of National Antarctic Program, 2020; International Association of Antarctica Tour Operators, 2020). Using the data of human density and accessibility features of the Antarctic continent along with land uses, Pertierra et al. (2017) concluded that the Antarctic Peninsula is one of the three regions with the greatest human footprint pressure. On coasts worldwide, a high human density has resulted in contamination by microplastics, spread over six continents from the poles to the equator, sustained by an annual worldwide production of 368 million tons of plastic (Browne et al., 2011; Plastics Europe, 2020). In Antarctica, Barnes et al. (2010) reported the presence of macroplastics, such as fishing buoys and packing material in the Durmont D’Urville, Davis, and Amundsen seas. Nevertheless, at present, the international scientific community does not regularly sample microplastics or record at-sea observations of macroplastics in the Southern Ocean region, and there are few peer-reviewed scientific publications that quantify plastics in Antarctic waters (Waller et al., 2017). In studies carried out in seawater, a high abundance of microplastics has been reported in the vicinity of the Antarctic continent, in contrast to the low abundances that they reach in the Southern Ocean, which probably derive from long-distance transport (Isobe et al., 2017). Also, microplastics reached higher concentrations along the Antarctic Peninsula than at open ocean sub-Antarctic stations (Jones-Williams et al., 2020). Cunningham et al. (2020) reported high levels of microplastic contamination in marine sediment cores from three regions in Antarctica and the Southern Ocean. This is consistent with the findings of Onink et al. (2021), who, using a Lagrange particle transport model, verified that coastlines and coastal waters are an important reservoir of plastic debris and that there is limited transport of the marine plastic debris with positive buoyancy between the coastal zone and the open ocean. In general, high microplastic abundance has been reported in seawater and marine sediments collected in the areas closest to scientific stations, with wastewater effluents identified as being among their main sources (Cincinelli et al., 2017; Waller et al., 2017; Reed et al., 2018).

At present, there are no studies on Antarctic soils. Li et al. (2016) concluded that land-based sources account for 80% of the plastic waste in the marine environment, with high human density and industrial activities playing a key role. While evidence of the ecological impacts of microplastics has increased worldwide, evidence of the potential consequences of microplastics in soil ecosystems is still relatively scarce (Huang et al., 2019). This lack of information is of an ecotoxicological concern, given that once in the soil, these particles decompose slowly and accumulate as relatively persistent pollutants (Rillig, 2018). Decades ago, harm to fur seals, gulls, and penguin species caused by the presence of macroplastics was reported; however, the situation has resulted in sustained increases in their accumulation rates on Antarctic islands (Torres and Gajardo, 1985; Torres and Jorquera, 1992, 1994). There is no information on the presence of microplastics in terrestrial Antarctic environments, although they were recently reported in a freshwater stream, with their presence attributed likely to air transport (González-Pleiter et al., 2020).

Since 1968, various countries have established facilities on the Fildes Peninsula, generating great environmental pressure resulting from the scientific and logistical activities that take place in the area (Lu et al., 2012; Amaro et al., 2015). The high density of the facilities and the varied human activities in the region often clash with the environmental standards laid down in the Protocol on Environmental Protection to the Antarctic Treaty (Peter et al., 2013). Since human activities in the Antarctic are the main source of microplastic contamination, the objective of this study was to evaluate its occurrence and distribution on the adjacent soil and intertidal sediments of Fildes Bay, Antarctica.



MATERIALS AND METHODS


Study Area and Sampling Site

The study area is the Fildes Peninsula, King George Island (Antarctic Specially Protected Area No. 125), one of the areas in Antarctica with the greatest paleontological interest and an area with a great diversity of organisms, including vertebrates, invertebrates, and flora (Secretariat of the Antarctic Treaty [ATS], 2009). The area contains six permanent Antarctic stations belonging to different countries (i.e., Chile, Russia, Uruguay, and China), built between 1968 and 1994. In the 1980s, the construction of the airport turned the area into a major logistical hub for the Antarctic Peninsula (Braun et al., 2012). A part of the Fildes Peninsula is formed by Ardley Peninsula (62°13′S, 58°54′W), Antarctic Specially Protected Area No. 150, located on the southwest coast of King George Island (Fildes Bay). Ardley Island was designated as a protected area on account of the diverse assemblage of bird species that breed on it and to allow the study of their ecology and the factors that affect their populations. Ardley Island also has developed an outstanding flora, with species of lichens, mosses, and vascular plants (Secretariat of the Antarctic Treaty [ATS], 2009) (Figure 1).
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FIGURE 1. Sampling areas on Fildes Bay and Ardley Island, Antarctica. Green points indicate soil samples (i.e., S1–S5), and light blue points represent intertidal sediments (i.e., IS1–IS6).


The study area was divided into two sampling sites (Figure 1), namely, Antarctic stations and intertidal zones.



Sample Collection and Analysis

Sampling was performed in December 2018. In areas corresponding to Antarctic stations, five soil samples were collected along a transect stretching from the Frei Antarctic station to Fildes Bay (i.e., S1–S5) (Figure 1). In intertidal zones, five sediment intertidal samples were collected along the shore zone (i.e., IS1–IS5). In addition, an intertidal sediment sample (i.e., IS6) was collected from the shore of Ardley Island as a reference from an area free of human activities. An amount of 200 ml of soil and 500 ml of intertidal sediment was extracted at a depth of 0–1 cm using a metal spatula that had been previously washed with acetone. The soil samples were stored in aluminum foil, and the intertidal sediments were collected in glass bottles; they were then refrigerated at 4°C.

To extract the microplastics, the method described by Thompson et al. (2004) and modified by Browne et al. (2010) was used. In brief, 50 ml of the sample was suspended in 100 ml of supersaturated solution of NaCl (1.2 kg NaCl/L), previously filtered by filter paper with a pore size of 1 μm (Advantec Grade NO.5C size 11 cm). This solution was stirred for 30 s, and after 2 min, the particles in the supernatant were separated from the solution using a glass filter under a vacuum with a pore size of 1.6 μm (glass fiber prefilters; Merck Milipore Ltd.). This step was repeated three times for each sample. To minimize contamination by airborne microplastics during drying at room temperature, the filters were placed in Petri dishes and kept inside a glass box.

The plastic particles were separated from non-plastic material and counted using metal dissecting forceps and a stereomicroscope (Olympus SZ61 40X, Japan). Particles with a length of less than 5 mm and greater than 1 μm were considered microplastics GESAMP, 2019 [Group of Experts on the Scientific Aspects of Marine Environmental Protection (GESAMP) (United States)]. Fourier-transform infrared spectroscopy (FT-IR) (Spotlight 400 Perkin Elmer) was used to identify the nature of the polymer in the microplastics from the sampling sites. The attenuated total reflectance (ATR) micro-imaging technique with a germanium crystal was used. A spectral range between 750 and 4,000 cm–1 and a pixel of size 6.25 μm was used. The spectra carry the data with an interval of 3 μm and a resolution of 6 cm–1. Samples from soil and sediments are expressed in volumes to enable comparisons between sample types. All spectra were compared with fused deposition modeling (FDM) FT-IR and Raman spectral libraries and libraries created by the laboratory that analyzed the samples.



Analysis of Physicochemical Parameters in the Collected Samples

Organic matter: The organic matter content in the soil and intertidal sediment samples was determined based on the method described by Heiri et al. (2001). Soil and intertidal sediment were dried at 60°C for 72 h. One g of soil/sediment was homogenized in a mortar and combusted in a muffle furnace at 550°C for 4 h. Finally, the sample was weighed to determine the organic matter content (%) by loss ignition. The results are expressed in dry matter.

Particle size: Samples were dried at room temperature and sieved using a 2-mm sieve. Subsequently, organic matter was removed from each sample using 30% hydrogen peroxide. The sample was deposited in a funnel with a filter paper with a pore size of 1 μm (Advantec Grade NO.5C size 11 cm) and cleaned with milli-Q water. Then, the sample was introduced into a dispersion unit until 10–20% laser obscuration was reached (Malvern Mastersizer 3000S with Hydro EV dispersion unit, United Kingdom). Finally, the results were analyzed using Gradistat v.8 to obtain the average particle size (Blott, 2010).

pH: Soil and intertidal sediment samples were dried at room temperature and homogenized in a mortar. Subsequently, each sample was sieved using a 2-mm sieve. Subsequently, 1 g of sample was placed in 50 ml of Milli-Q water (20°C). To homogenize the sample, a magnetic stirrer was used for 5 min at 225 rpm. The sample was left to stand for 2 h, at which point, the pH in the supernatant was determined using a pH meter (Hanna Edge, United States).



Maps

The sampling area map was prepared using the QGIS 3.14 software (QGIS.org, 2020) and the layers were available in Quantarctica (2019).



Statistical Analyses

To explore the variance of the environmental variables (e.g., fibers, fragments, organic matter, particle size, and pH) in the data set, a Euclidean distance matrix was built, and then a principal component analysis (PCA) was performed. Then, a Shapiro-Wilk test was carried out to test the normal data distribution. A Kruskal-Wallis test and ANOVA were carried out to verify the existence of significant differences between soils and intertidal sediments. A Kendall correlation analysis between particles—whether fibers or fragments—and organic matter, particle size, and pH were performed. The level of significance was set at p = 0.05. All statistical analyses were performed with the R Studio software version 4.0.2.




RESULTS

This study revealed the presence of microplastics in soils and intertidal sediments at 81% of the sites analyzed at Fildes Bay, Antarctica. Five topsoil samples (i.e., S1–S5), five intertidal sediments (i.e., IS1–IS5), and a reference sample (i.e., IS6) were analyzed. Plastic debris after treatment was classified as fibers or fragments based on size, and the nature of the polymer was characterized using FT-IR. Microplastic occurrence (i.e., fibers and fragments), organic matter, particle size, and pH in soils and sediments, respectively, are shown in Figure 2. Plastic fragments (length < 500 μm) were detected in all soil samples, while the presence of fiber was only observed in sample S1 (1 particle/50 ml). The distribution of the fragments in the samples varied from 4 to 37 particles/50 ml sample. The highest occurrence was observed in S5, which is the sample from closest to the shore. Samples taken far from the shore (i.e., S1–S4) presented an occurrence of fragments between 4 and 11 particles/50 ml. The soil organic matter content varied from 4.4 to 8.2%. Similarly, the soil particle size in the samples ranged from 40.6 to 323.6 μm. The soil was considered neutral, with a pH ranging from 6.9 to 7.5. Regarding the evaluated physicochemical variables, no trends were identified in terms of proximity to the coast.
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FIGURE 2. The abundance of microplastics (i.e., fibers and fragments) and determination of an organic matter, particle size, and pH in soils (i.e., S1–S5) and intertidal sediments (i.e., IS1–IS6) of Fildes Bay, Antarctica.


In the intertidal sediments, only fibers (length < 2,000 μm) were observed, ranging from 1 to 4 particles/50 ml. Samples IS1 (4 particles/50 ml) and IS2 (3 particles/50 ml) presented the highest detected abundances; these samples were taken at sites close to the effluent. Abundances in the other intertidal samples (i.e., IS3–IS5) ranged from 0 to 1 particle/50 ml. The inspection of sample IS6 (i.e., protected area, control) revealed a transparent, brilliant, and hard fiber (Figure 3D). We recognized its similarity to the ropes used on boats; however, during sample preparation for the FT-IR analysis, the sample was lost and could not be further identified. The physicochemical values are indicative of homogeneous organic matter in the intertidal sediments (2.2–2.6%). The particle size ranged from 318.9 to 1,042.8 μm. Similar to the soils, the intertidal sediments presented a neutral range (6.5–7.3).
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FIGURE 3. Photograph and spectrum of an orange tree fragment of phenoxy resin (A) collected in soils, PET fiber (B), cotton fiber (C) and a fiber found at the site IS6 (D) from intertidal sediments and a mesoplastic piece on P. papua (E) in Fildes Bay, Antarctica.


Fragments and particle size presented the greatest variability along the PC1 axis, which captured 83.67% of the total variance (Figure 4). The abundance of the type of plastic debris (i.e., fibers and fragments) in soils and intertidal sediments was correlated with physicochemical variables. Specifically, intertidal sediments were characterized by the largest occurrence of fibers, whereas fragments were highly predominant in soil samples. In addition, intertidal sediment sites were influenced by particle size, although soils do not seem to show a significant relationship with other soil variables (i.e., pH and organic matter).
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FIGURE 4. Principal component analysis (PCA) between fibers, fragments, organic matter, particle size, and pH in soils and intertidal sites.


The number of fragments differed significantly between the investigated sample types, i.e., soils and sediments (p = 0.003). In terms of soil physicochemical parameters, organic matter differed significantly between the matrices (p = 0.006), with higher concentrations in soils (S5 = 7.3% and S1 = 8.2%) compared with sediments. Particle size differed significantly between sample types (p = 0.0007), with higher sizes in the intertidal matrix (S1 = 1,042 μm) than in soils. pH did not present significant differences between matrices. Positive correlations between fragments and organic matter (r = 0.7786, p = 0.005) were observed, as well as between fibers and particle size (r = 0.7128, p = 0.014).

All the fragments collected in the soils presented uniformity in color, which was classified as bright orange. The presence of mesoplastics with the same characteristics was also observed in the area, with evident secondary fragmentation in situ. The orange fragment had a high similarity to phenoxy resin (Figure 3A). In contrast, the intertidal plastic fibers presented different colors (i.e., black, blue, red, and transparent). The FT-IR analysis determined that 67% and 50% of all fibers recorded at sites IS1 and IS2, respectively, were cotton fibers (Figure 3C). In addition, for all sites, the analysis indicated that the remaining fibers had a high similarity to polyethylene terephthalate (PET) (Figure 3B).



DISCUSSION


Microplastics in Antarctic Soils

The largest amount of microplastics was detected in soils (1–37 particles/50 ml soil), with fragments predominating, which were associated with high concentrations of organic matter. A comparison with other reports is difficult due to the lack of similar studies on microplastics in Antarctic soils. According to Bläsing and Amelung (2018), our poor understanding of microplastics in soils may be due to the lack of standardized methods. In general, abundances of plastics are highly variable depending on land use and population density; so far plastic debris have been reported in agricultural soils in Shanghai, China (78 ± 12.91 particles/kg) (Liu et al., 2018); roadside soils (1,108 particles/kg) and agricultural soils (3,440 particles/kg) in Yeoju, Republic of Korea (Choi et al., 2021); soils of cultivated areas and the riparian forest zone of Dian Lake, China (7,100–42,960 particles/kg) (Zhang and Liu, 2018); agricultural soils in Nanjing and Wuxi, China (420–1,290particles/kg) (Li et al., 2019); and agricultural soils (2,200–6,875 particles/kg), parks (6,250 ± 3,776 particles/kg), industrial areas (5,780 ± 3,251 particles/kg), and dumps (2,429 ± 1,817 particles/kg) in Lahore, Pakistan (Rafique et al., 2020). The values found in the present study are far lower than those listed above, suggesting that the intensity of the land use and human activities clearly determine the occurrence of plastic debris in soils.

Fragments were observed in all investigated soils, while only one fiber, at site S1, was identified (Figure 2). The fragments had the same appearance, shape, and orange color as those observed in the coatings of the neighboring facilities, which present deterioration associated with local environmental and climatic conditions. This suggests that local land use is the main driver of soil fragments on Fildes Bay. Land use may in part explain the presence of a certain type of microplastic, such as in agricultural soils, which reach high fiber abundances due to the use of sewage sludge as fertilizer (Liu et al., 2018; Corradini et al., 2019; Jiang et al., 2020). Wind also plays an important role in the investigated area, as it reaches speeds of over 100 km/h (Cerda, 2006). In the province of Sakarya, Turkey, Kaya et al. (2018) reported that fibers were more abundant than fragments in the air, with microplastics having a presence of up to four orders of magnitude higher in the air than in soils. This is consistent with the findings of Wright et al. (2020) who recorded atmospheric deposition rates ranging from 575 to 1,008 microplastics/m2/day in the city of London, with the representativeness of 92% of fibers. This finding could explain the low abundance of fibers in soils, which might have been constantly resuspended from the soils or transported to other areas. Furthermore, it has been shown that particle density is decisive in their deposition in coastal systems, since less dense particles tend to settle downwind, in contrast to denser particles, whose settling is not determined by wind, with deposition along the coast (Browne et al., 2010). Finally, once in the soil, the behavior of microplastics varies; according to Waldschläger and Schüttrumpf (2020), fibers that have a smaller diameter reach greater infiltration depths, in contrast to the fragments, which infiltrate less due to the entanglement of the angular particles in the pores.

The highest concentration of fragments was recorded at site S5, the closest to the sea and, therefore, the lowest, which could also suggest a certain degree of runoff as a result of melting snow. Site S5 is also an area with a high-degree of human activity, the use of which is mainly associated with the transit of towing machinery for small boats and motorized vehicles to assist in logistics and maintenance tasks for scientific and tourism purposes. Based on a visual inspection, the fragments even show a degree of secondary fragmentation in situ. The determination of their composition by FT-IR shows a high coincidence with phenoxy resin (Figure 3A), which has a high density and is used as a flexibilizer for cross-linked phenolic and epoxy formulations in adhesives, coatings, and compounds and to make compatible mixtures of various plastic materials (Song et al., 2015; Jones-Williams et al., 2020). Previous studies have not frequently reported the detection of synthetic resins in the environment; however, the detection of this material is very likely since these resins, especially phenoxy resins, are often blended with plastics (Paler et al., 2021). For example, microplastics derived from thermoplastic road-surface marking paints (Horton et al., 2017) and ship paints (Song et al., 2014) have been described. In terms of abundance, paint resins are comparable to microplastics, together reaching 75% of total particles in the surface waters of Jinhae Bay, South Korea (Song et al., 2015). In surface waters between Adelaide Island, Antarctica, and the mid Scotia Sea, it has been reported that, although phenoxy resin has local sources, it has a long range and, together with polyethylene, is one of the most common resins (41%) (Jones-Williams et al., 2020). Therefore, although we did not verify its presence in the intertidal sediments, it is highly probable that it is present not only in the soils of Fildes Bay but also offshore. In addition, transport through biovectors from terrestrial to aquatic environments, such as that which took place via the adhesion of a piece of mesoplastic to the chest of an adult individual of the species Pygoscelis papua (Forster, 1781), should not be ruled out (Figure 3E).

Our study showed a relationship between the fragments and organic matter of the soils. This contrasts with the results reported by Watteau et al. (2018), who analyzed soils enriched with municipal compost in France and concluded that microplastics in soils do not present an association with organic matter. In experimental soils with different microplastic sizes, Dong et al. (2021) reported that the presence of polystyrene and polytetrafluoroethylene microplastics caused a reduction in the soil organic matter. In our research, organic matter (%) was determined using the method of Heiri et al. (2001), who indicate that weight loss is proportional to the amount of organic carbon contained in the sample. However, Rillig (2018) emphasized that the methods used for quantitation of organic carbon in soil can cover “invisible” microplastics because plastics are composed mainly of carbon. This could explain the relationship that we verified between the increase in organic matter in sites and a high abundance of fragments. As organic matter (%) does not seem to be a precise variable, it is suggested that future studies employ more specific analyses regarding the composition of the type of carbon present in soils.

The information available on exposure and effects of microplastics on Antarctic organisms is similarly scarce. Plastic particles can persist, accumulate, and eventually affect the functioning and biodiversity of terrestrial ecosystems (Rillig, 2012). Habib et al. (2020) isolated bacteria Pseudomonas sp. ADL15 and Rhodococcus sp. ADL35 from soil samples collected in Victoria Land, Ross Sea, Antarctica. They corroborated positive growth in a medium containing fragments of polypropylene (Habib et al., 2020). In addition, bacterial assemblages with distinct community structures colonized the PE microplastics (Huang et al., 2019). In general, soil fauna has an active intake of microplastics, with a consequent alteration of its intestinal microbiome and adverse effects on motility, growth, metabolism, reproduction, and mortality in various combinations (Büks et al., 2020), especially at high concentrations and with small particle sizes. The small size and large surface area of microplastics allow the adsorption of pollutants on their surfaces, increasing the local concentration in soils and generating potential ecological risks (Moore, 2008; Ashton et al., 2010; Rillig, 2012; Liu et al., 2018). Finally, although it was not found in the intertidal zone, phenoxy resin could be transported offshore; according to European Chemicals Agency (2021), this substance is toxic to aquatic life, with long-lasting effects.



Microplastics in Antarctic Intertidal Sediments

The intertidal sediments were dominated by fibers (up to 4 fibers/50 ml sediment) (Figure 2), which were associated with large particle sizes. Similar abundances have been reported by Reed et al. (2018), who recorded up to 3 fibers/10 ml sediment in North Cove, Adelaide Island, Antarctic Peninsula. A previous study carried out by Rebolledo and Franeker (2015) on Cape Shirreff did not record microplastics in intertidal sediments, despite the presence of macroplastics in the area. Although the information on microplastics in Antarctic intertidal sediments is limited (Table 1), these data could suggest a low abundance compared with those of deep sediments. Close to the study area, Waller et al. (2017) carried out research in semi-deep sediments (6–60 m) in Mackellar Inlet, Almirantazgo Bay. They reported between 16 and 766 particles/m2; however, they did not find a clear pattern of abundance or distribution, and the proportion of fibers and fragments found was not reported. Consistent with our findings, the predominance of fibers (42.8%) was verified in semi-deep sediments (25–140 m) in Terra Nova Bay (Munari et al., 2017). Fibers also predominated for all recorded microplastics, with the exception of one particle, in shallow sediments (0–20 m) on Adelaide Island (Reed et al., 2018). This pattern of fiber prevalence has also been reported in Singapore mangroves (Nor and Obbard, 2014). In addition, Browne et al. (2010) analyzed the sediments in the high tide line of the Tamar Estuary, United Kingdom, finding values of up to 1 fiber/50 ml sediment, similar to those of Fildes Bay. A low abundance in the intertidal sediments of coastal systems in Plymouth, United Kingdom, was also described by Thompson et al. (2004), who indicated that fibers increased in subtidal sediments. In marine environments of the Alboran Sea (42 m deep), an abundance of 45 fibers/50 ml sediment has been described (Sanchez-Vidal et al., 2018). Although Sanchez-Vidal et al. (2018) did not include other forms of particles in deep sediments of southern European seas in their study, they estimated that around 20% of the fibers found had accumulated in the open sea beyond 2,000 m of water depth. This could be explained by the fibers having an abundance up to four orders of magnitude higher in deep sediments than in the surface waters of the Atlantic Ocean, Mediterranean Sea, and the Indian Ocean (Woodall et al., 2014). In contrast, very deep sediments (136–3,633 m) analyzed on the Antarctic Peninsula, South Sandwich Islands, and South Georgia were shown to be dominated by fragments, which accounted for 56% of the total (Cunningham et al., 2020). Density could partly explain the distribution of the fibers, once in the water, in the water column, and in the deep sediments (Thompson et al., 2004; Sanchez-Vidal et al., 2018). In general, depth seems to be a determining factor in the abundance of certain forms of microplastics, with fibers predominating in intertidal environments and shallow areas.


TABLE 1. Microplastics in intertidal and subtidal sediments in Antarctica.
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Regarding the values at each site, the highest abundances were recorded at the sites closest to the Frei base effluent (i.e., IS1 and IS2), and are consistent with those reported in marine sediments near wastewater from the Rothera station west of the Antarctica Peninsula (Reed et al., 2018). In addition, 67% and 50% of all fibers recorded at sites IS1 and IS2, respectively, were cotton fibers, confirming the contribution of wastewater effluents. Although sludge acts as a microplastic retention agent, with estimated retention rates of 75.7% to 90% (Corradini et al., 2019; Jiang et al., 2020), fibers have also been found in the effluents (37.7–60.8%) of secondary treatment systems (Jiang et al., 2020), and up to 14 fibers/L have been observed in primary treatment systems (Talvitie et al., 2015). Given this scenario, a negative situation is projected for some facilities, as their treatment systems are prone to failure due to both the low temperatures that impede biological processes and the lack of maintenance and sludge evacuation, resulting in continuous emission of waste into the environment (Hughes and Blenkharn, 2003; Gröndahl et al., 2009; Morales Calvo, 2013). In addition, 37% of permanent stations and 69% of non-permanent stations do not have any type of wastewater treatment (Morales Calvo, 2013). Due to the high population density in the north of the Antarctic Peninsula, microplastics derived from personal care products and laundry are likely to be concentrated there (Waller et al., 2017). Microfibres from laundry released in wastewater may be a more substantial source of microplastic pollution compared with other sources as personal care products (Waller et al., 2017). However, the contribution of fibers from sources related to other types of local human activities should not be ruled out.

Regarding sediment characteristics, we found that a greater fiber abundance is related to large particle sizes. In other regions, studies on intertidal sediments have not identified a pattern in terms of microplastic abundance and sediment particle size, with high abundances found in both sediments larger than 2 mm in Canada (Cluzard et al., 2015) and fine sediments in Singapore (Nor and Obbard, 2014). The physical interactions between microplastics and sediments are not yet fully understood due to the diversity of shapes, diameters, lengths, surface areas, and densities, among other characteristics, which makes it difficult to know where they will settle and at what sedimentation rate (Browne et al., 2010; Cluzard et al., 2015).

All the fibers found in the intertidal zone were made of PET, also called polyester (Figure 3B). This material is widely used in the manufacturing of cold-weather clothing (Gonzalez et al., 1998; Das and Gersak, 2014; Gnanauthayan et al., 2017). Polyethylene terephthalate has a density of 1.34–1.39 g/cm3, and according to Browne et al. (2010), almost 80% of the microplastics recorded on the coastline are denser, which, as they state, maybe due to its slow degradation, longer contact time with abrasive particles in the sediment, or transport by the wind of less dense plastics toward the coasts and inland. This could explain the presence of this type of polymer composition at all sites and in other regions, as reported by Naji et al. (2017) in a study on intertidal sediments of Hormozgan, Persian Gulf, in which fibers predominated by 88%, PET was identified as the most abundant polymer (i.e., 41%), and high concentrations in wastewater release zones were found. In Portugal and Morocco, 29% of the fibers found in intertidal sediments were made of PET (Velez et al., 2019). Similarly, a large-scale study conducted at high tide in intertidal sediments (0–5 cm) in Auckland, New Zealand, reported that fibers predominated (i.e., 88%) and PET accounted for 22% of all microplastics analyzed (Bridson et al., 2020). This abundance of PET in relatively shallow sediments was also described by Woodall et al. (2014) in the Atlantic Ocean, the Mediterranean Sea, and the Indian Ocean. Similarly, it was reported that 12.9% of the fibers found in the deep sea were polyester (Sanchez-Vidal et al., 2018). It has been observed that many marine microplastics have this composition and that their distribution and sinking rate presumably differ from those of other high-density microplastics (Cunningham et al., 2020).

In marine environments of Victoria Land, Antarctica, Sfriso et al. (2020) collected benthic invertebrates, reporting that species contained between 0.01 and 3.29 items/mg–1, and that bivalves and gastropods displayed the highest microplastic contamination. Despite these findings, no evident accumulation through the food web was detected. In other regions, the dominance of PET fibers in coastal ecosystems on the coast of Pará, Brazil, was described by Morais et al. (2020), who reported that plastic fibers accounted for 84% of plastics ingested by individuals of Bunodosoma cangicum (Belém and Preslercravo, 1973), with PET being the main polymer (44.7%), and that this organism presented a higher amount of plastic debris in the more populated sampling sites.

It is still not clear if the role of microplastics is that of pollutant or merely contaminant; however, it is necessary to deepen our knowledge on the distribution and effects of microplastics and additives at all levels of the food web to evaluate their effects on marine organisms and ecosystems from a broader perspective (Sfriso et al., 2020). Aragaw and Mekonnen (2021) have recommended that microplastic contamination investigation guidelines emphasize experimental ecotoxicological studies and risk assessments for aquatic organisms. Vighi et al. (2021) stressed that key aspects in the production of an adequate risk assessment are frequently overlooked and that the impacts of environmental variables on additive leaching must be included.



Pollution of Protected Areas

Ardley Island was selected to assess the base level of contamination in an area with less human activity and no residential, scientific, or military settlements, only two sporadically used shelters. However, it was possible to detect the presence of a fiber particle in the intertidal sediment, which indicates that Antarctic environments with restricted entry and protected for their biological value are not exempt from contamination by microplastics. Thus, the inspection of King George Island has shown clear deficiencies with respect to waste management at some stations in the form of waste storage and the existence of more than 40 waste dumps (Peter et al., 2013). Although in other locations of the continent, there has been an effort regarding the recovery of waste and mitigation of old landfills (Eriksen et al., 2020), the Protocol to the Antarctic Treaty on Environmental Protection has recognized the lack of data on plastics that would allow adequate decision-making and reduction of pollution and has recently made recommendations regarding the use of plastic on the continent (Secretariat of the Antarctic Treaty, 2019a). Among the recommendations are halting the use of personal care products that contain plastic microbeads and considering the use of filtration technologies to reduce the amount of microplastic particles that enter the Antarctic marine environment (Secretariat of the Antarctic Treaty, 2019a,b); however, there are no recommendations focused on soils. This is worrying as our study has shown that the soil-intertidal sediment interface is not necessarily a continuum and that there is a difference in the composition of plastic particles, suggesting specific sources of microplastics in each matrix at Fildes Bay. Therefore, an understanding of microplastic pollution in Antarctica requires an increased focus on identifying sources and sinks.



Methods Used in Microplastic Research in Antarctica

In general, few studies are available on marine sediments in Antarctica, with most focusing on subtidal sediments and none so far on soils (Table 1). Research efforts are made mainly on the Antarctic Peninsula, which makes it difficult to understand what occurs inside the Antarctic Continent. Antarctica is characterized by difficult-to-access sites, low temperatures, and strong winds; this last factor can generate a high degree of contamination during sample collection. Given this scenario, sample collection techniques, microplastic selection criteria, and sample treatment vary among studies. Although all authors have used FT-IR to determine the composition of the particles, the results are expressed in different units of abundance (e.g., particles/ml and particles/m2). In these cases, we suggest the incorporation of a standardized expression of units whenever possible, such as particles per surface or per volume. In our study, for comparative purposes, we decided to use the same expression for both matrices, which allowed us to identify a greater abundance in soils (average = 13.8 particles/50 ml) than in intertidal sediments (average = 1.5 particles/50 ml). This expression of the results permitted us to corroborate that even though the studied environments are contiguous, their abundances were independent and that contrary to what we expected, surface intertidal sediments did not behave as a sink for land-based sources. For instance, at site IS5, the presence of microplastics was not recorded, even though the adjacent soils were visibly affected by high abundances of microplastics as a result of the infrastructure that had been affected by a fire. In addition, despite the continuous release of fibers from the effluents, a low abundance was found at all intertidal sediment sites, which could be due to environmental dynamics such as tidal waves that affect intertidal sediments. In this regard, Cluzard et al. (2015) observed that a greater influence of tides and waves caused a lower accumulation of microplastics. Thus, although the abundances alone did not allow us to explain the distribution of microplastics in the study area, improving their comparability facilitates understanding of the complex intrinsic processes associated with Antarctic matrices.




CONCLUSION

The results of this study revealed the occurrence of microplastics in soils and intertidal sediments at 81% of the analyzed sites at Fildes Bay, Antarctica. This is the first study to report the presence of microplastics in Antarctic soils, with a high abundance of phenoxy resin fragments in Antarctic soils near stations, probably associated with deterioration of infrastructure coatings. Compared with terrestrial abundances, the abundance of microplastics in intertidal sediments was lower and consistent with results previously reported in shallow Antarctic sediments. Polyethylene terephthalate fibers predominated in the intertidal sediments, especially at the sites near the effluent from the Frei base, where the presence of cotton fibers was confirmed. Although this base has a treatment system, the situation of the bases affected by logistical limitations or without treatment systems is worrying. In addition, microplastics were found on Ardley Island, corroborating that there is contamination in protected areas. Regarding the influence of environmental variables, we observed a relationship between fragments and organic matter; however, this relationship seems to be a result of the composition of the polymers. In addition, the observed relationship between fibers and particle size was not conclusive, and to date, there are no studies that confirm a clear relationship. This investigation shows the importance of the early identification and management of local sources of microplastics and the study of each matrix, as the behavior of microplastics seems to differ depending on the substrate into which they are released. Paint resins should be considered in future studies, as they have demonstrated their persistence in the environment despite local climatic conditions. It is suggested that the Fildes Bay area be monitored to evaluate the behavior of these microplastics in other matrices and their eventual interactions with local fauna. This will make it possible to strengthen efforts to reduce the presence of microplastics in areas of major human activity such as Fildes Bay.
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(42.8%) Ross Sea, particles/m?
Antarctica.
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Subtidal sediment Fibers and Mackellar Inlet, 2013 and Van Veengrab  6-60 <5mm 16-766 Waller et al. (2017)
fragments South Shetland 2015 and SCUBA particles/m?
(no percentages) Islands, Antarctic
Peninsula.
Subtidal sediment Fragments (56%). Antarctic Peninsula.  2017-2019  OKTOPUS 136-3,633 <2mm X X X 1.30 + 0.51 Cunningham et al.
Fibers (39%) multicores particles/g (2020)

FT-IR, Fourier-transform infrared spectroscopy.
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