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Microfibers (MF) are one of the major classes of microplastic found in the marine environment on a global scale. Very little is known about how they move and distribute from point sources such as wastewater effluents into the ocean. We chose Adventfjorden near the settlement of Longyearbyen on the Arctic Svalbard archipelago as a case study to investigate how microfibers emitted with untreated wastewater will distribute in the fjord, both on a spatial and temporal scale. Fiber abundance in the effluent was estimated from wastewater samples taken during two one-week periods in June and September 2017. Large emissions of MFs were detected, similar in scale to a modern WWTP serving 1.3 million people and providing evidence of the importance of untreated wastewater from small settlements as major local sources for MF emissions in the Arctic. Fiber movement and distribution in the fjord mapped using an online-coupled hydrodynamic-drift model (FVCOM-FABM). For parameterizing a wider spectrum of fibers from synthetic to wool, four different density classes of MFs, i.e., buoyant, neutral, sinking, and fast sinking fibers are introduced to the modeling framework. The results clearly show that fiber class has a large impact on the fiber distributions. Light fibers remained in the surface layers and left the fjord quickly with outgoing currents, while heavy fibers mostly sank to the bottom and deposited in the inner parts of the fjord and along the northern shore. A number of accumulation sites were identified within the fjord. The southern shore, in contrast, was much less affected, with low fiber concentrations throughout the modeling period. Fiber distributions were then compared with published pelagic and benthic fauna distributions in different seasons at selected stations around the fjord. The ratios of fibers to organisms showed a very wide range, indicating hot spots of encounter risk for pelagic and benthic biota. This approach, in combination with in-situ ground-truthing, can be instrumental in understanding microplastic pathways and fate in fjord systems and coastal areas and help authorities develop monitoring and mitigation strategies for microfiber and microplastic pollution in their local waters.
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INTRODUCTION
Microplastic fibers (MF) are major constituents of microplastic pollution in the aquatic environment. Especially wastewater effluents are reported as a major source (Mintenig et al., 2017). Global patterns of microplastic pollution and the diversity of microplastic types in the marine environment suggest that in many locations the majority of marine microplastics (up to 91%) consists of anthropogenic fibers (Browne et al., 2011; Lusher et al., 2015; Barrows et al., 2018; Gago et al., 2018; Suaria et al., 2020).
Fibers from industrially processed cellulose, containing dyes and other man-made chemicals, may also fall into this category (Suaria et al., 2020). Synthetic fibers consist mostly of polyester, but other polymers such as polyamide, polyacrylic, polyethylene, and polypropylene are also common in clothing (Singh et al., 2020). Estimates predict that over 7.0 × 105 fibers could be released from an average 6 kg wash load of acrylic fabric (Napper and Thompson, 2016). As an example for natural fibers, one pair of used jeans can release (56 ± 4.1) × 103 microfibers per wash (Athey et al., 2020). MF’s are thus equally ubiquitous and persistent to degradation as other microplastics (Lots et al., 2017; Turner et al., 2019; Grbic´ et al., 2020; Roblin and Aherne, 2020). Due to their elongated shape, however, their physical properties differ from those of other microplastics, which in turn may influence their formation, sinking, lateral transport, and degradation behavior (Bagaev et al., 2017). Many marine organisms ingest microplastics, both under controlled laboratory conditions and in situ (Davison and Asch, 2011; Cole et al., 2013; Desforges et al., 2015; Gall and Thompson, 2015; Fang et al., 2018; Cole et al., 2020). Fibers are the dominant microplastic type ingested by marine organisms in situ, and ingestion of fibers in the wild has been documented for pelagic copepods and euphausiids (Desforges et al., 2015), pelagic and demersal fish (Lusher et al., 2013), and for benthic animals such as mussels (Mathalon and Hill, 2014). The effects of MF on marine biota are not well known but can include entanglement and ingestion, which in turn may affect their physiology and reproductive success (Cole et al., 2015). Transformation processes such as environmental degradation (weathering) and biofouling alter the plastic surface, buoyancy, and colonization with microbes (biofouling) and can increase microplastic ingestion rates (Vroom et al., 2017; Welden and Cowie, 2017; Bra°te et al., 2018). Despite an increasing knowledge base of effects from laboratory experiments, when and where organisms encounter microplastics in their natural habitats is poorly understood. Also, estimates of the number of microplastics and MF likely to interact with organisms in different environmental compartments are scattered, and many review articles consider concentrations causing effects in the laboratory as higher than those present in the environment. New data are thus needed to map spatial and temporal overlap between microplastics in general, and MF in particular, and marine biota to predict geographic areas where potential effects are likely to occur.
Fjord systems represent semi-enclosed coastal systems well suited as natural laboratories, are characterized by longer resident times of seawater and slower water exchange than the open ocean. Effluents thus become diluted slower and are less rapidly removed by tidal currents. As a result, microplastic particles emitted locally might circulate longer and distribute to particular sites within a given fjord system, making them available to resident organisms.
For the present study, we chose Adventfjorden as a case study for fiber distribution in the Arctic, where a single untreated wastewater effluent has been emitting into the fjord system. The wastewater is collected in a pump station serving the local settlement Longyearbyen, a small town with approximately 2,500 inhabitants. The station treats approximately 2 × 105 m3 wastewater per year, but due to the lack of any treatment, it can be expected that large amounts of fibers are emitted into the fjord every year (Evenset et al., 2017). To estimate possible impacts of fibers on marine biota in different environmental compartments, spatial overlap between biota and fibers needs to be determined. This, in turn, requires an enhanced picture of the transport pathways of fibers after they leave the wastewater effluent. Besides fiber density, both wastewater plume dynamics and local oceanic processes are expected to play a vital role in fiber distribution and possible deposition. This study describes fiber dispersal in Adventfjorden as an example for an Arctic coastal marine system using a modeling approach to investigate potential hotspots of high MF concentrations, where marine organisms are expected to experience high encounter risk in the water column and on the seafloor.
MATERIALS AND METHODS
Study Area, Sampling and Processing of Wastewater Samples
The Adventfjorden is part of the largest fjord complex in the Svalbard archipelago (78◦ N), branching out from the larger Isfjorden located on the west coast of Spitsbergen (Figure 1). Adventfjorden is approx. 7 km long, 3–5 km wide, and has no threshold, allowing free water exchange with the adjacent larger fjord system, which in turn is influenced by Atlantic water. The Adventfjorden-Isfjorden system is well studied, with a well-established understanding of physical and biological characteristics (Holte et al., 1996; Gooday et al., 2005; Winkelmann and Knies, 2005; Glahder et al., 2006; Majewski and Zajaczkowski, 2007; Levitan et al., 2008; Koziorowska et al., 2016). Adventfjorden is exposed to significant physical disturbances from river runoff by two rivers and high sedimentation rates of glacial origin in the summer. The wastewater outflow that introduces microfibers into Adventfjorden is located close to the northern boundary of the fjord (78◦ 14.815 N; 15◦ 39.102 E) near the seabed at approximately 50 m depth, 1 m above the seafloor (Figure 1). Two sampling periods of 1 week were chosen in June and September 2017. Samples for fiber particle determination were collected from wastewater at the pump station, handling the wastewater flow in Longyearbyen (Figure 2). In June and September 2017, three samples per day (morning, lunchtime, and evening) were taken on five consecutive days, including 3 weekdays and 2 weekend days. One-liter samples were collected in a stainless-steel container from the surface of the waste-water collector. Samples were stored in precleaned and burned (overnight at 450°C) glass bottles (SCHOTT; Germany) and were stored cool and dark before shipment to the laboratory. The samples were filtered over burned glass fiber filters (450°C, 8 h, Whatman GF/C, 90 mm, 1.2 μm pore size) in a clean cabinet (laminar flow cabinet; Bigneat, United Kingdom). Triplicate procedural blanks were included for each sampling campaign, in addition to laboratory blanks (to account for contamination from air), and microscope blanks. The average fiber count in the blank samples was 3.7 for June and 6.3 for September, resulting in LODs of 8 and 16 for fibers in June and September respectively. All samples were blank corrected accordingly.
[image: Figure 1]FIGURE 1 | Overview map of Svalbard, Adventfjorden, illustrating the position of the discharge point of Longyearbyen wastewater effluent (red dot) and the checkpoints used in the modeling of fiber movements.
[image: Figure 2]FIGURE 2 | Map showing connected households to the effluent (orange shapes: buildings, green lines: effluent collection). Blue shapes represent commercial and governmental properties, not part of the sampling. Red star represents sampling location in pump station.
Quantification of Microfibers
The samples were visually analyzed under a dissecting microscope (Leica M205C; 475 nm visible structure width). The filters were overlaid with a transparent grid sheet (1 mm grid), enabling a systematic inspection of the filters square by square by working horizontally from the left to the right and vice versa in alternate rows (vertically). Microplastic particles were counted and categorized as either fibers, fragments, or beads. Only the fibers are discussed in this study. The color was determined for all particles, but transparent or white fibers were not counted to avoid an overestimation of cellulose. Additionally, fibers were categorized into two size groups: a) smaller than 1 mm and b) larger than 1 mm. The smallest particle size detectable was 50 µm. All data were blank corrected, using a method detection limit (MDL; MDL = average number of fibers in control samples + 2 × standard deviation).
Microfiber Transport Modeling
A high-resolution, coupled hydrodynamic-drift model Finite-Volume Community Ocean Model [FVCOM, Chen et al. (2003)] was used for mapping fiber distribution in Adventfjorden and incorporating variable sources in the drift scenarios. The present setup of FVCOM is a high-resolution grid that covers the entire fjord including the shallow eastern extension, using a synthetic detailed bottom topography, obtained, and improved from diverse sources, such as the General Bathymetric Chart of the Oceans (GEBCO), one arc-minute global relief model (ETOPO1), and the Norwegian Mapping Authority (www.kartverket.no), with approx. 50 m inner fjord resolution.
Since the main focus in the present study is microfiber distribution associated with the small-and mesoscale processes in the fjord interior, we set a high-resolution mesh (<10 m) in the inner fjord and the shallow eastern bay. A setup of Regional Ocean Modeling System (ROMS) covering the Nordic Seas and the adjacent Barents and North Seas (Røed and Kristensen, 2013) was used as the outer domain model for forcing the high-resolution Adventfjorden model on the open boundary. We built the transport model upon the high-resolution Adventfjorden grid which is forced by a higher resolution atmospheric dynamics model, AROME-Arctic.
Fibers were introduced as an adjustable tracer in FABM, which is an Eulerian drift-modeling framework for trajectory modeling. The wastewater outflow that introduces microfibers into Adventfjorden is located close to the northern shore of the fjord at the seabed at approx. 50 m depth. On average 2 × 105 m3 of effluent discharge per year (400–900 m3 day −1), which according to the here presented data contains 60 microfibers per liter. We applied a conservative approach by initializing and forcing the model with the lower limit discharge rate, i.e., 334 microfibers per second. For more information see the results chapter.
We simulated fiber distribution patterns by releasing fibers in four density classes into the fjord: MF with high and very high densities (1.17 and 1.39 g cm−3) are “heavy,” and “very heavy,” MF with low density (0.9 g cm−3) are “light,” and neutrally buoyant MF (1.028 g cm−3) are “neutral” with respect to the ambient water. These represent typical densities of common textile fibers: polyamide (PA) as “heavy,” wool as “very heavy,” and polypropylene (PP) as “light,” respectively. The neutrally buoyant fiber was included for comparative reasons, as well as to cover light fibers becoming continuously heavier due to biofouling, but many consumer plastics are also neutrally buoyant (Moore, 2008). To provide sufficient coverage over the fjord, 16 checkpoints were selected for analysis of fiber concentrations. Checkpoint 3 is located close to the sewage pipe opening, with checkpoints 1 and 2 off-stream at the end of the fjord, stations four and five parallel to station three, and all other stations located along the shore or in the middle of the fjord in the off-shore direction. Stations 6, 9, 12, and 14 are located along the western shore, while stations 5, 8, 15, and 16 are located along the eastern shoreline (Figure 1). For more details in the transport model, please refer to the SI.
Simulation of Microfiber Distribution
In this study, we focused on the summer features of microfiber distribution, when the fjord is ice-free. We run the 3D version of the hydrodynamic model with full atmospheric and boundary forcing and river runoff for a typical summer regime. The outer model long-term flow field analysis (not shown here) indicates a relatively fixed trend for the hydrodynamic regime in summer. Particularly during July, which is one of the warmest months (Wesławski et al., 2010) and the flow field is not affected by the spring and autumn transition processes. Here, we used July (the year 2013) for typifying the summer regime in the Adventfjord, which falls in between the sampling campaigns in June and September.
Density-based classification of particles also facilitates parameterizing their vertical velocity, which is an important feature in microfiber distribution. We attributed a range of vertical velocities from 0.5 to −1 mm/s, proportional to the microfiber densities. To express the limiting cases, here, we assumed that the light microfiber parameters space process an upward velocity around 0.5 mm/s, and the other end, which is the heaviest microfiber, sink at a rate of −1 mm/sec. We also considered 0 and −0.5 mm/s vertical velocities for the “neutral” and “heavy” classes, respectively. In all scenarios, the discharge plume modeled using typical summer discharge conditions, i.e., temperature and salinity at the discharge point is 15° and 5 PSU, respectively. For simulations, we used the Norwegian e-infrastructure computing capacity (www.sigma2.no).
Biota Abundances and Estimation of Exposure Risk
Three habitats are considered for potential interactions between fibers and marine organisms: the water column (surface to 2 m above bottom) for plankton, the water body right above the seafloor for meroplankton, especially larvae released from benthic animals (approximately 5 m above bottom, see Kuklinski et al., 2013), and the seafloor sediment for benthos. Based on available abundance numbers for organisms and the modeled fiber concentrations in these compartments (Supplementary Table S3), we estimated the number of fibers different taxa may be exposed to at selected model checkpoints and depths over the study period of 100 h, expressed as fiber to organism ratio. Biota abundance and composition were derived from published studies in the same fjord (Supplementary Table S4). Plankton and meroplankton data Vereide, 2019; Kuklinski et al., 2013 are given per cubic meter, while benthic organisms in the sediment (Cochrane and Evenset, 2020) are quantified per m−2 seafloor. Plankton was collected with vertical net hauls, hyperbenthos with a water sampler, and benthos with a Van Veen grab (for further details the reader is referred to the references). For some stations data were averaged to estimate numbers in locations equivalent to model checkpoints (i.e. stations A and B in Kuklinski et al. (2013) and stations 13–15 in Cochrane and Evenset (2020), Supplementary Table S4). The plankton community composition in Adventfjord changes significantly over the season; here we used data for meroplankton near the seafloor collected in May/June and July (Kuklinski et al., 2013), pelagic holo-and meroplankton in the water column collected in May, June, and August (Vereide, 2019), and benthic data collected in August/September (Cochrane and Evenset, 2020).
The modeled fiber concentrations at selected locations and depths in the fjord were divided by the number of organisms of these different functional groups to give an estimate of how many fibers marine biota may be exposed to over the study period of 100 h. For the plankton, four depth intervals were chosen: 0–5, 5–20, 20–50, 50–100, and > 100 m depth, where some shallow checkpoints do not include all depth layers (Supplementary Table S3). For the meroplankton, the depth layer just above the bottom was used, equivalent to Sigma = 1 in Figure 3. As both the water body and the plankton it contains and the fiber movements were highly dynamic, fiber to organism ratios were calculated using the maximum number of fibers present in the respective location/depth during the modeled period of 100 h. For the benthos, in contrast, which is much more spatially stable, we used the sums.
[image: Figure 3]FIGURE 3 | Map of depth-integrated accumulated MF distributions over 100 h for four different fiber densities (Exp1 = PP: 0.9 g cm−3, Exp2 = neutral particles: 1 g cm−3, Exp3 = PA: 1.17 g cm−3, Exp4 = Wool:1.39 g cm−3). Scale on right illustrates abundance of MF no. ×105 m−3.
Statistics
Statistical analyses of the emission data of fibers were performed using R (www.R-project.org). Since the data did not meet the assumptions of normal distribution or homogeneity of variance, the non-parametric Kruskal-Wallis test was used to investigate if the amount of microplastic particles in wastewater differed significantly between different times of the day, between days, or between sampling months.
RESULTS
Emission Data
On average, 2 × 105 m3 effluent discharged per year (400–900 m3 day−1), which is a mixture of sewage, food waste grinder, mush, and greywater (Ingerø, 2018). In June, a total of 30885 m3 wastewater was emitted into the Adventfjorden, compared to 21321 m3 in September (Ingerø, 2018). All collected wastewater samples contained microfibers, which dominated over other particles (microfibers average of 86% in June and 92% in September). Emissions of fibers at the sampled timepoints fluctuated considerably from 2 to 138 MFL−1in June (average 47 MF L−1) and not detected to 203 MF L−1 in September (average 73 MF L−1) (Figure 4). When comparing MF emissions between different times of the day, evenings showed higher emissions, however, no statistical difference between the time of day and between weekdays and weekends could be found (p = 0.431 and 0.904, Kruskal Wallis) (Figure 5, panels A and B). Although emissions in September were on averages slightly higher than in June, no statistical difference between June and September was found, allowing to combine all data to evaluate the emission pattern throughout the week (Figure 4, panels A and D). When comparing data for the whole week, emissions on Wednesdays, Thursdays, and Saturdays are higher than on the other days, possibly reflecting laundry habits, without being significant. In general, an average of 60 MF L−1 is emitted by the Longyearbyen settlement, respective to 1.4 × 106 MF h−1 and almost 33 × 106 MF day−1. Particles only played a minor role with an average of 12.3 particles L−1 emitted in June and 5.8 particles L−1 in September. The total yearly emissions of MFs into the Adventfjorden by wastewater effluent amount to 18 billion non-white MF of the size 0.05–5 mm (Table 1).
[image: Figure 4]FIGURE 4 | Hovmöller graph illustrating the modeled distribution of MF along the sites selected in the Adventfjord, Longyearbyen (MicroFiber check points), and time of accumulated continuous emission for four different MF densities (Exp1 = PP: 0.9 g cm−3, Exp2 = neutral particles: 1 g cm−3, Exp3 = PA: 1.17 g cm−3, Exp4 = Wool: 1.39 g cm−3). Scale on right illustrates abundance of MF no. ×105 m−3.
[image: Figure 5]FIGURE 5 | Overview over average fiber emissions during the observed sampling periods, with panel A showing emissions per day, panel B: Emissions per sampling time of the day, panel C: Comparison of weekdays and weekend days and panel D: Emissions during June and September sampling campaign; all in numbers of MFs per liter.
TABLE 1 | Estimation of monthly and annual emissions of microfibers and microparticles by the wastewater effluent of the settlement of Longyearbyen, Svalbard.
[image: Table 1]Simulation of Microfiber Distribution in Adventfjorden
To compare the behavior of fiber types of differing densities (PP: 0.9 g cm−3, neutral particles: 1.0 g cm−3, PA 1.17 g cm−3, PES wool: 1.39 g cm−3), the modeled fiber distributions after 100 h of continuous emissions are shown in Figure 3. Most fibers peak along the northern shoreline (west side) of the fjord for all densities modeled at time point 100 h, indicating the southern shore (East side) of the fjord remains almost free of MF. Light and neutral MF leave the fjord within hours to days, while the heavier MF, will more easily deposit in the fjord under the summer conditions applied. This scenario indicates a high accumulation rate of heavy MF within the fjord system, (Figure 5). As the right-hand scale of the estimated number of MF (×105 m−3) indicates, 50 million MF particles per cubic meter are estimated to accumulate on the right shoreline after 100 h of accumulated emission alone. As the Hovmo¨ller graph for the surface water layer (Sigma0, upper 10% of water column) and seafloor-near water layer (Sigma1, lowest 10% of water column) illustrates, MF’s distribute quite differently within the water column according to their density as well as show diverse accumulation patterns in different checkpoints in the fjord (Figure 3). MF with a low density (Experiment 1) will stay in the surface waters also after 100 h of continuous emissions, moving along the shoreline toward the exit of the fjord between checkpoints 1, 3, 6, 10, but not passing over to the south side of the fjord. In contrast, heavy MF’s (Experiments 3 and 4) will mostly be found in the water layers close to the seafloor, nearby the discharge point, not immediately leaving the fjord. Neutral MF (Experiment 2) is present both in surface and bottom layers, which indicates distribution within the whole water column.
Spatial Overlap of Fibers and Marine Organisms
The plankton community exhibits spatial and seasonal variations in Adventfjorden, where the proportion of meroplankton is one of the strong seasonal features, mainly due to blooms of barnacle larvae (Cirripedia), among others (Kuklinski et al., 2013; Vereide, 2019). Large copepods of the genus Calanus dominate in June, while the community shifts to smaller copepod species by August (Figure 6). Just above the seafloor, a diverse meroplankton community is present in the summer in the deepest water layer of approximately 5 m above the bottom, with a seasonal succession of taxonomic groups (Figure 7). Maximum abundances for different plankton groups in the water column ranged from 500 Calanus copepodites m−3 in June and 9,000 individuals m−3 for small copepods in August to almost 19,000 m−3 Cirripedia larvae in May (Figure 6). In June, the plankton community was composed of almost equal proportions of Cirripedia larvae, Calanus copepodites, and small copepods (Figure 6). Meroplankton near the seafloor was also dominated by Cirripedia larvae in May-June, combined with high abundances of bivalve larvae, bryozoa and polychaete larvae and other trochophores (Figure 7), while an order of magnitude lower numbers of bivalve and gastropod larvae were present in July. Only few bivalve and gastropod larvae remained in this layer in August (Kuklinski et al., 2013). Benthic organisms were strongly dominated by polychaetes at the stations studied, and in particular by the common species Capitella capitata. In addition, bivalves and amphipods occurred in variable numbers (Cochrane and Evenset, 2020). Capitella capitata is an indicator for organic enrichment and was thus highly abundant close to the wastewater effluent pipe opening, where organic household waste enters the fjord (Figure 8). The corresponding fiber concentrations at these checkpoints ranged widely from zero to the maximum of >6.7 million fibers m−3 in the surface at checkpoint 3 and 6.2 million at checkpoint 6 (Supplementary Table S4). According to our calculations, over the course of 100 h, a maximum of >80 million fibers m−3 passes through the surface layer of checkpoint 6 (light MF) and the mid-water layer near the bottom at around 20 m depth at checkpoint 1 (heavy MF). The highest fiber concentrations at a given time point were recorded in the surface of checkpoints 3 and 6 with >6 million fibers m−3. As both modeled MF distributions and biota abundances show a large degree of spatial variation within the fjord, the encounter potential of marine species was variable depending on the horizontal and vertical position of each. The resulting fiber to plankton ratios for the water column and the seafloor are given in Figures 9–11. For the pelagic taxa, seasonal variations in abundance resulted in corresponding variations in exposure risk at the selected checkpoints (Figures 9, 10). The highest fiber to plankton ratios were observed in June (Figures 9E–H): ratios of >2,500 were observed for light MF at three checkpoints along the northern shore (1, 3, and 6), with a peak of 4,500 at the shallowest checkpoint 6 (Figure 9E). At checkpoint 4 the ratio was much lower with 510, followed by checkpoint 7 with 77, while the surface at checkpoints 5 and 15 was fiber-free. No light MF was observed in deeper layers. Neutral fibers exhibited the same pattern, but with lower ratios and distributed across the upper two depth layers down to 20 m. Heavy and very heavy fibers exhibited different patterns than light and neutral fibers and were also different from each other (Figures 9C,D,G,H,K,L). Not only did they occur deeper in the water column, but the ratios also increased from checkpoint 6 inward, with peaks at checkpoint 1. The ratios for heavy fibers were lower at checkpoint 3 and higher at checkpoint 5 than those of very heavy fibers. Meroplankton close to the bottom were studied at checkpoint 5 only (Figure 10). Only heavy fibers exhibited high fiber to organism ratios in this location, all other fiber types occurred in negligible numbers. The ratios were relatively low due to low fiber numbers vs. relatively high concentrations of benthic larvae. For benthic species, light fibers played no role at the checkpoints investigated (Figure 11A). The occurrence of some neutral fibers near the floor at the shallow checkpoint 3 increased the ratios there (Figure 11B), but most fibers encountered by the benthos were heavy or very heavy (Figures 11C,D). Despite high fiber concentrations, the ratios were relatively low compared with the plankton, ranging between 75 and 150 at checkpoints 3 and 6, due to very high abundances of Capitella sp.
[image: Figure 6]FIGURE 6 | Plankton abundances in May, June, and August at selected checkpoints 1, 3, 6, and 15 in Adventfjord (data replotted from Vereide, 2019). Shaded bar plots represent the same numbers at checkpoints 4 and 5 as for checkpoint 3, used for subsequent fiber/organism ratio calculations in Figure 9. The red dot marks the wastewater pipe outlet.
[image: Figure 7]FIGURE 7 | Meroplankton abundances in May-June, and July at checkpoint 5 in Adventfjord [data replotted from Kuklinski et al. (2013)]. The red dot marks the wastewater pipe outlet.
[image: Figure 8]FIGURE 8 | Benthos abundances at selected checkpoints 3, 4, 5, and 7 in Adventfjorden (data replotted from Cochrane and Evenset, 2020). The red dot marks the wastewater pipe outlet.
[image: Figure 9]FIGURE 9 | Fiber to plankton ratios in the water column at selected check points for four different fiber types in May (A–D), June (E–H), and August (I–L). The colors denote depth intervals in meter and scale in left panel indicates ratios.
[image: Figure 10]FIGURE 10 | Fiber to meroplankton ratios (scale in left panel) in the deepest water layer (50–55 m depth) at checkpoint 5 for 4 different fiber types in May (A–D) and July (E–H).
[image: Figure 11]FIGURE 11 | Fiber to benthos ratios at the seafloor at selected check points for 4 different fiber types. The colors denote depth intervals in depth intervals in meter.
DISCUSSION
Our data indicate that total yearly emissions of fibers into the Adventfjord from wastewater effluent amount to about 18 billion non-white MF of the size 0.05–5 mm. This is equivalent to approximately 7.5 million MF per capita. In fact, 450 mg fibers can be released during an average washing machine cycle containing three pieces of clothing, which can be recalculated to 744 × 103 microfibers from one washing machine run alone (Cole et al., 2020; Napper et al., 2020). Using these numbers together with the assumption that one person performs 55 laundry cycles per year, 40 million MF particles would be emitted per person in Longyearbyen (Falco et al., 2020). These estimates are about 5 times higher than our findings. With about 2,400 inhabitants in Longyearbyen in 2020 (SSB, Population of Svalbard, 2. Halfyear of 2020; www.ssb.no/en/befolkning/statistikker/befsvalbard/halvaar), and assuming 55 laundry cycles per year per person, about 133,000 laundry cycles would contribute to the annual MF emissions by private households (Falco et al., 2020; Napper et al., 2020). This amounts to a range of 9.8 × 1010 – 7.2 × 1011 MF particles annually emitted by the Longyearbyen population into the Adventfjord. These numbers align well with our findings of annual MF emissions of 1.8 × 1010. As not all inhabitants are connected to the wastewater station sampled in this study, the measured fiber numbers are slightly lower than the calculated estimate, but our approach represents realistic values. In Norway, about one million households are not connected to a wastewater treatment system or systems with coarse mechanic waste removal only. If all of these have similar emission rates as those observed here, annual emissions of 3 × 1012 fibers (10 trillion MF) are to be expected nationally. Another recent study predicts a microplastic count of 1.3 × 1012 particles for the North Atlantic basin (i.e., approximately 18 × 103 tons) and 23.6 × 104 tons of microplastics in the oceans globally, where small microfibers are not included (van Sebille et al., 2015). A similar amount of 28 × 104 tons of MF has been estimated to reach the aquatic environment (Belzagui et al., 2020). For comparison Suaria et al., 2020 reported 9 × 104 to 38 × 104 tons of fibers in the top meter of the world’s oceans, underlining the large contribution of MF to global emissions, while knowledge gaps remain, and hazard assessments are lacking (Suaria, et al., 2020).
The availability of efficient municipal wastewater treatment removing MF, as well as the need for innovation in developing garments shedding less MF, and washing machines equipped with filters removing MF from the wastewater before they reach the WWTPs could be successful measures to limit further releases of MF into the marine environment. Once emitted, the fate of MF is not well understood. We demonstrate here that fibers with different properties exhibit very different transport patterns in three-dimensional space. We distinguished fibers with four densities, which are equivalents of PP (light and neutral MF), PA (heavy MF), and wool (very heavy MF). These polymers are typical constituents of commonly used clothes. Fiber movement in the context of oceanic hydrodynamics, coupled with its own properties such as sinking behavior, is far from trivial and a function of several variables, including the fiber density, shape, spatial orientation, flow field energy, etc. Under turbulent marine conditions, the vertical movements of MF drastically vary from what can be measured under still lab conditions. In the environment, the terminal settling velocity will often be lower than 1 mm s−1 due to turbulence and upward convection (Bagaev et al., 2017). Furthermore, weathering and biofouling can alter physical behavior.
In general, settling at the seafloor and subsequent resuspension are complicated processes and little studied. A relatively weak current might be enough to detach fibers from the seabed. Thus, very low energy zones such as bottom depressions and coastal regions, where microfibers can entangle and settle among other particles, or in vegetation such as seagrass, could be possible accumulation zones (Cauwenberghe et al., 2013; Woodall et al., 2014). In porous bottom layer conditions, microfibers can be trapped in voids, or transported further by Lagrangian wave drift (Weber and Ghaffari, 2021). Harmonic forcing is one of the primary mechanisms for developing a flow field over the semi-enclosed basin of Adventfjorden. Atmospheric forcing also contributes to the flow field variability by its adjustments over the adjacent larger Isfjord and the entire region within a variety of temporal scales. Freshwater is of major importance for the coastal processes and the whole fjord dynamics not only due to introducing momentum to the fjord system but also because it acts as a controlling factor in developing water masses and the vertical structure of the fjord interior flow field. Furthermore, due to the topography, resulting flows are often spatially and temporally variable. Estimated MP concentrations of 150 MP m−3 were recently reported in near-surface water close to Svalbard, one of the highest concentrations observed within the sampling transect across the pole (Ross et al., 2021). A high contribution of MF to the overall MP count was found (92.8%), similar to our findings.
However, only surface water was investigated by these authors, whereas our study shows that even slightly denser MFs preferably accumulates on the seafloor and/or are suspended in the lowest water layer above the seafloor. These MF will not be accounted for by sampling approaches focusing on surface waters used, leading to an underestimation of the local MF abundance. Further, our modeling approach focused on a fjord system and not the open ocean where the potential for dilution will be higher. One modeling limitation has been in the restriction to single MF density classes in the simulation scenarios. Here, we initialized and forced modeling experiments with equally scaled MF classes, which is advantageous in identifying the accumulation zones and distribution patterns for each density class. Future model runs may represent more realistic fiber compositions of all four density classes simultaneously. Additionally, we have not considered the long-term effect of the marine environment, e.g. from biofouling or degradation, on the fiber characteristics, which might lead to modifications in fiber behavior. Our study shows that light fibers are highly mobile and may not reach the sediments for a very long time (if ever), when turbulent conditions and convective processes prevail.
MF consisting of cellulose were not considered in this study, even if they are an important part of wastewater emissions and environmental MF occurrence. The scientific community has not reached consensus yet, if this type of particle, often modified with dyes, surfactants and other chemicals, should be added to the category of semi-synthetic fibers. However, with a density of 1.55 g cm−3, according to our findings, they would move even slower along the seafloor, staying closer to the effluent than the heaviest fiber types discussed in our study. The present study shows that field data for the whole water column are essential for a full understanding and representation of microplastics and MF in marine systems. Although light MF can leave the fjord relatively shortly after they are emitted, their continuous emissions will cause a permanent resupply of MF leading to exposure of plankton species in the MF hot spots identified. These data will be valuable for future ground-truthing to verify if the identified patterns occur in situ. Laboratory studies of MF-biota interactions are still scarce. One study reports ingestion and retention of MF < 0.5 mm in blue mussels at concentrations as low as 3 MF ml−1 (Woods et al., 2018). The peak surface concentrations of MF reached to the surface layer were estimated to be six million MF m−3 in our study, equaling 6 MF ml−1, i.e., they are at the same order of magnitude as those concentrations showing effects under laboratory conditions. Benthic species will be most affected by heavy fibers sinking relatively close to emission points. The high abundances of Capitella sp. worms in the vicinity of the effluent pipe opening indicate local organic pollution, but these organisms will also experience the highest encounter risk for fibers, especially heavy or biofouled fibers that sink fastest.
Our study shows that small settlements, housing only a few thousand people, can introduce billions of MF particles annually. Poor wastewater treatment causes large emissions of various synthetic and non-synthetic fibers, which then travel to both the sea surface and the seafloor, depending on their physical properties. Emissions by the Longyearbyen settlement of approximately 2,400 inhabitants were found to be similar to those reported for a secondary wastewater treatment plant in the densely populated city of Vancouver, Canada, serving a population of 1.3 million people, with a microplastic retention capacity of up to 99% (Gies et al., 2018).
The implications are two-fold: 1) since numerous settlements without wastewater treatment exist in the Arctic, considerable local sources of MP and fibers are present in the Arctic, and 2) wastewater treatment technology that can effectively remove large proportions of small microplastics including fibers does already exist and should be implemented as much as possible also in small coastal communities. The need to invest in infrastructure able to treat wastewater effluents also from small communities is of considerable importance to prevent future emissions of synthetic MF with long environmental half-lives, high encounter rates with marine organisms, and the subsequent high potential for ingestion/entanglement.
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