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Synthetic microfibers have been reported in most aquatic environments and represent a large proportion of environmental microplastics. However, they remain largely under-represented in microplastic ecotoxicity studies. The present study aims to investigate particle interaction with, and retention time in, aquatic organisms comparing microfibers, and microbeads. We used brine shrimp (Artemia sp.) and fish (Gasterosteus aculeatus) as invertebrate and vertebrate models, respectively. Organisms were exposed to a mixture of microbeads (polyethylene, 27–32 μm) and microfibers (dope dyed polyester; 500 μm-long) for 2 h, at high concentrations (100,000 part./L) in order to maximize organism-particles interaction. Artemia were exposed in the presence or absence of food. Fish were exposed either via the trophic route or directly via water, and water exposures were performed either in freshwater or seawater. In the absence of food, Artemia ingested high numbers of microbeads, retained in their digestive tract for up to 96 h. Microfiber ingestion was very limited, and its egestion was fast. In the presence of food, no microfiber was ingested, microbead ingestion was limited, and egestion was fast (48 h). Limited particle ingestion was observed in fish exposed via water, and particle retention time in gut did not exceed 48 h, both for direct and trophic exposure. However, water exposures resulted in a higher number of particles present in gills, and average retention time was higher in gills, compared to gut. This suggests that gills are organs susceptible to microplastic exposure and should be taken into account in fish exposure and effect studies. Our results show that particle ingestion and retention by organisms differ between microbeads and microfibers, suggesting particle selection based on size, shape, and/or color and species-specific selective feeding. We also showed that the presence of food results in limited particle ingestion and retention in Artemia and that microbeads are more likely to be transferred to organisms from upper trophic levels than microfibers. Finally, fish exposure to particles was not significantly different between freshwater and seawater conditions.
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INTRODUCTION

The presence of synthetic microfibers has been reported in most aquatic environments—from deep sea to intertidal sediments (Mathalon and Hill, 2014; Woodall et al., 2014; Sanchez-Vidal et al., 2018), and in every ocean (Desforges et al., 2014; Lusher et al., 2015). In marine environments, synthetic fibers mostly originate from the degradation of discarded maritime equipment (e.g., nets and ropes), and release during textile production and use (Carney Almroth et al., 2018; Henry et al., 2019; Cai et al., 2020). The highest fiber concentrations have been observed close to urban areas, with up to 200–800 fibers/kg of sediment and up to 4100 fibers/m3 in rivers (Mathalon and Hill, 2014; Zhao et al., 2015). Overall, synthetic fibers represent a significant proportion of microplastics in aquatic environments. Based on a literature review, Burns and Boxall (2018) found that 52% of microplastics are fibers [marine water and fresh water (FW) combined]. Other studies found that 75% (Desforges et al., 2014) and more than 95% (Lusher et al., 2014, 2015) of microplastics found in oceanic waters are fibers. Synthetic microfibers have also been shown to be ingested by organisms. Field studies report their presence in zooplankton, polychaetes, bivalves, crustaceans (Phuong et al., 2016; Bour et al., 2018; Avio et al., 2020), deep-sea organisms (Taylor et al., 2016), fish (Halstead et al., 2018; Avio et al., 2020) and FW fish species (Sanchez et al., 2014; Pazos et al., 2017; Silva-Cavalcanti et al., 2017; Horton et al., 2018). Moreover, many authors do not include fibers in their analyses since they could result from air-borne contamination. Therefore, the presence of fibers in field organisms could currently be underestimated.

Effects studies showed that exposure to microfibers can impact growth, reproduction and survival of FW water fleas, and amphipods (Au et al., 2015; Jemec et al., 2016; Ziajahromi et al., 2017). Decreased food consumption, energy and body condition were observed in shore crabs and langoustine (Watts et al., 2015; Welden and Cowie, 2016). Damaged gill epithelium was also observed in Japanese medaka following long-term exposure to microfibers (Hu et al., 2020). The effects of fiber exposure to soil invertebrates was also investigated, with lower cast production observed for exposed earthworms (Prendergast-Miller et al., 2019), while limited effects were observed on enchytraeids, springtails, isopods and oribatid mites (Selonen et al., 2020). Studies focusing on fiber retention and gut residence time showed that retention time for synthetic microfiber varies from a few hours to a couple of days for small invertebrates, like daphnids, gammarids, sea anemones, and shrimps (Blarer and Burkhardt-Holm, 2016; Jemec et al., 2016; Gray and Weinstein, 2017; Romanó de Orte et al., 2019), and from a few hours to up to 3 weeks for crabs and fish species (Watts et al., 2015; Grigorakis et al., 2017; Ory et al., 2018).

Retention time is an important parameter that directly influences microplastic accumulation in organisms. High retention time and accumulation can lead to increased effects over time, increased chemical transfer from particles to organisms (Koelmans, 2015; Rochman, 2015), and increased potential for trophic transfer. Although the number of studies providing data on microplastic ingestion and retention is continuously growing, most studies use microbeads as model particle. However, there is currently no evidence that organisms present similar ingestion patterns and retention times for microbeads and microfibers. Trophic transfer is also an important parameter to consider, since it can result in increased fiber accumulation in species of higher trophic levels, and can also lead to adverse effects occurring at the food web scale. Despite the relevance of this parameter, the number of studies investigating the trophic transfer of microplastics, all shapes considered, is still limited (Farrell and Nelson, 2013; Setälä et al., 2014; Batel et al., 2016; Au et al., 2017; Rochman et al., 2017; Tosetto et al., 2017).

The present study aims to compare exposure to and retention time of plastic microfibers and microbeads in fish and invertebrate species under different exposure scenarios. Specifically, we tested the following hypotheses: (i) exposure and retention by organisms are different between microbeads and microfibers; (ii) the presence of food influences particle ingestion and retention by invertebrates; (iii) particle ingestion and filtration through the gills are different between FW and seawater (SW) fish; and (iv) microbeads and microfibers can be transferred through the trophic chain. Previous studies suggest that the presence of food can influence microplastic ingestion and retention by invertebrates (Wang et al., 2019; Chae and An, 2020). FW and SW fish present different physiologies, especially concerning the functions, and organizations of gill epithelia and the volumes of water swallowed (Eckert et al., 1988). Marine fish ingest larger volumes of water, potentially resulting in higher particle ingestion (Rochman, 2018). It can therefore be expected that fish gills and digestive tracts present different exposure patterns to contaminants, depending on the environment. For this study, we selected the three-spined stickleback Gasterosteus aculeatus as a model species for its ability to adapt its physiology to different salinity conditions (Bell and Foster, 1994). This species is also broadly used in ecotoxicology and naturally occupies a wide range of aquatic habitats (Jutfelt et al., 2013; Marchand et al., 2017). To test our hypotheses, we exposed brine shrimps (Artemia sp.) to identical concentrations of microbeads and microfibers in the presence or absence of food and quantified particle ingestion and depuration time. We also exposed sticklebacks in FW or SW to the same particle concentrations, and quantified the presence of particles in gills and gut following exposure and over depuration time. In a second step, we combined Artemia and stickleback in the same experiment to study particle trophic transfer. Since microfiber ingestion by Artemia was not concluding, trophic transfer was assessed with microbeads only.



MATERIALS AND METHODS


Organisms

Three-spined sticklebacks (Gasterosteus aculeatus) were collected in a reference site (Skaftö, Sweden; water salinity: 16–18‰) with a hand-operated net and immediately brought to the laboratory in aerated, thermally isolated boxes containing water from the sampling site. They were then randomly divided in two groups, acclimatized to and kept in either artificial SW (13°C ± 1°C, 30‰) or FW (13°C ± 1°C, 0‰) for a month prior to the start of the experiment. Fish were fed daily with red mosquito larvae. Continuous water flow and aeration ensured good water quality, and environmental enrichment was provided.

Brine shrimps (Artemia sp.) were obtained from commercially available dry cysts (HOBBY Aquaristik, Germany). Cysts were placed in artificial SW (35‰) for 48 h and supplied with strong aeration. After hatching, nauplii were transferred in 30‰ artificial SW and fed everyday with dried phytoplankton powder (HOBBY Aquaristik, Germany). Artemia reached their adult size after 3 weeks.



Microparticles and Suspension Preparation

Microbeads (opaque blue polyethylene microspheres) were purchased from Cospheric (Santa Barbara, United States; lot #120328-2–1). According to the manufacturer, they are spherical (>90%), with a 27–32 μm diameter (>90% of particles in size range), and a density of 1.00 g/cc. The polyester microfibers were extracted from a commercially manufactured yarn. This yarn is a solution dyed black, textured, filament yarn, which is very similar to yarns used in a wide range of clothing products. The yarn has a linear density of 75 denier, with 72 filaments in its cross section. The individual filaments within the cross section are approximately 12 μm in diameter. Black microfibers were used to improve identification and tracking during experimentation. The yarn was further manually cut into 500 μm-long fibers. Microscopic measurement of microfibers (n = 100) indicates median length of 483 ± 13 μm. Particle suspensions were prepared in artificial SW (salinity 30‰) or in FW (salinity 0‰), and specific concentrations were obtained either by weighing microbeads and diluting suspension or by counting microfibers while cutting. Gentle sonication ensured suspensions homogeneity.



Organismal Exposure and Retention Time Determination


Brine Shrimps (Artemia)

Before exposure, Artemia were starved for 24 h. Adult Artemia were exposed in artificial SW to a combination of microbeads and microfibers (50,000 part./L each, 100,000 part./L in total) for 2 h, in the presence or absence of food. These concentrations are not environmentally relevant and were selected to maximize interaction between organisms and particles. Exposures were carried out in triplicate, each replicate comprising 10 individuals, in 100 ml glass flasks.

For the exposure in the absence of food, an initial suspension was prepared (300 ml total volume, comprising 15,000 microfibers and 15,000 microbeads), homogenized by gentle sonication, and distributed between replicates. Artemia were then added to the flasks. After 2 h of exposure, individuals were gently picked, rinsed in clean medium and placed on a petri dish for microscopic observation (Leica EZ4HD stereomicroscope). The number of ingested particles was manually counted, and individuals were placed in clean SW for depuration (grouped by replicate). The number of particles present in Artemia digestive tract was determined at 2, 6, 24, 48, 72, and 96 h of depuration. Individual microbeads and microfibers could easily be detected through the Artemia’s transparent cuticle (Figure 1).
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FIGURE 1. Particle ingestion and egestion by Artemia. (A) Particles present in the Artemia digestive tract after 2 h of exposure. One black microfiber can be seen close to blue microbeads. (B) Trophic chain experiment: Artemia after exposure to microbeads and before being fed to fish. (C) Artemia exposed to particles in the presence of food: the upper digestive tract is filled with food, preventing the observation of microbeads, and microfibers potentially ingested. (D) Artemia after 96 h of depuration. (E,F) Microbeads observed in Artemia feces.


For the exposure in the presence of food, a similar initial suspension was prepared and supplemented with 100 mg of Artemia food (phytoplankton powder, final concentration 333.3 mg/L) before homogenization and distribution between replicates. After 2 h of exposure, the presence of food in Artemia’s digestive tract prevented assessing the presence of microparticles. Therefore, individuals were gently picked, rinsed and individually placed in petri dishes containing clean SW supplemented with food (333.3 mg/L). Microparticles were then quantified in depuration SW and fecal pellets by microscopic observation at 2, 6, 24, and 48 h. Depuration medium was changed after every observation. Individual particles could easily be detected in SW and fecal pellets (Figure 1). Fecal pellets that were too dense to be fully transparent were mechanically torn to ensure the absence of particle. For each individual, the number of ingested microbeads was expressed as the sum of microbeads egested, counted at each observation time.

For both experiments, after 2 h of exposure the water column was sampled from each replicate in order to quantify microparticles in suspension. In the case of the absence of food, visual observation indicated that no particle was present at the bottom of the flasks; therefore the whole volume was sampled. In the case of the presence of food, sedimented microfibers and food were observed at the bottom of the flasks; therefore, only the water column was sampled, excluding the solid deposit. Water samples were filtered on gridded cellulose nitrate filters (12 μm pore size). Particles were counted in five representative cells, and the total number of particles was estimated based on average numbers per cell.



Fish Exposed via Water

Sticklebacks were exposed to a combination of beads and fibers (50,000 part./L each, 100,000 part./L in total) either in SW or FW (20 cm × 12 cm × 13 cm tanks; 4 L). Fish from the same exposure condition (SW: n = 27; FW: n = 26) were grouped in a single replicate. Control conditions (clean SW and FW) were also included (SW: n = 4; FW: n = 8). After 2 h of exposure, fish were transferred to clean water (SW or FW, respectively) for 3 min to allow removal of particles potentially present on their body. Fish from control (SW: n = 1; FW: n = 2) and exposed (SW: n = 6; FW: n = 7) groups were immediately euthanized, and the digestive tracts and gills were sampled. The remaining fish were transferred in new clean water for depuration. Fish from exposed groups were euthanized, and organs were sampled after 2, 24, or 48 h depuration (n = 7 per condition and sampling time). Fish from control groups were euthanized, and organs were sampled after 2 h of depuration. Samples were stored at 4°C before further analysis (see section Fish Samples Processing and Analysis). Water samples (two replicates per condition; 15 ml per sample) were taken from exposure waters immediately after fish exposure, filtered on gridded cellulose nitrate filters (12 μm pore size), and particles were counted.



Fish Exposed via Trophic Chain

Due to the very limited ingestion of microfibers by Artemia, trophic exposure was carried out with microbeads only. As a first step, Artemia were placed for 5 min in 15 ml flasks (six Artemia/flask) containing either microbeads suspension (500,000 particle/L in SW) or SW only (control group). Individuals were then gently rinsed in SW and photographed under microscopic condition for further microbead quantification: pictures were analyzed with ImageJ® software to count the number of ingested microbeads, easily detected through the organisms’ cuticles. Each Artemia was attributed a number, corresponding to the fish it would be fed. In a second step, fish were individualized to ensure equal prey ingestion between individuals. Every fish was fed three Artemia, either pre-exposed to microbead suspension (n = 18 fish) or to SW only (n = 12 fish). All the Artemia were eaten within 5 min, so microbead egestion by Artemia is considered negligible. Three fish from control and exposed groups were immediately euthanized and their digestive tract was sampled. The remaining fish were allowed to depurate in clean SW. Fish from the microbead group were taken at 2, 8, 12, 24, and 48 h of depuration. Fish from the control group were taken at 2, 24, and 48 h of depuration. At each sampling time, three fish per condition were taken and their gills and gut were sampled and stored at 4°C before further analysis (see section Fish Samples Processing and Analysis).



Fish Samples Processing and Analysis

Samples were digested overnight in 10% KOH at 50°C then filtered on 10 μm nylon mesh. This digestion method has been validated for different plastic polymers (Dehaut et al., 2016), and a pilot study was conducted in our laboratory to ensure that it would not alter the microbeads or microfibers’ physical properties (Supplementary Figure 1). Filters were observed under a stereomicroscope, and particles were counted. The polyester fibers studied here have a specific shape, color, and size and were easily distinguished from potential air-borne fibers.



Statistics

All statistical analyses were performed using GraphPad Prism 8 software. For Artemia exposure, ANOVAs were performed to compare the number of ingested microbeads between replicates at each observation time. When the required assumptions were not satisfied, ANOVAs on ranks (Kruskal–Wallis test) were performed instead. For fish water exposure, four factors were considered to compare the number of particles found in samples: depuration time, particle shape (i.e. fiber or bead), organ (i.e. gills or gut) and water salinity (i.e. FW or SW). Since data did not satisfy the assumptions required to perform multi-factor analyses, each factor was analyzed separately in all possible combinations of other factors. ANOVA on ranks (Kruskal–Wallis test) was performed to compare the number of particles found in samples based on depuration time. Particle shape, organ and water salinity were analyzed with t-test or the corresponding non-parametric test (Mann-Whitney) when the required assumptions were not met. Levels of significance were set at p < 0.05.



RESULTS


Artemia


Exposure in the Absence of Food

Ingestion of microfibers was very limited, with only four individuals presenting one fiber each in their gut. Egestion of microfiber was fast, occurring between 2 h and 72 h of depuration. Microbead ingestion rate was much higher, with 100% of individuals having microbeads in their gut (30 ± 3 microbeads/individual on average) after 2 h of exposure. The number of microbeads ingested per individual did not significantly differ between replicates. Complete microbead egestion occurred within 96 h for most individuals, and was almost complete for others: only one or two beads were still present in gut for seven individuals at 96 h of depuration. On average, more than 50% of the ingested microbeads were excreted in less than 24 h (Figure 2A). Detailed particle counts are presented in Supplementary Table 1.
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FIGURE 2. Microbead uptake (T0) and depuration over time in Artemia exposed (A) without food and (B) in the presence of food (average number/individual ± SE).


Following filtration of exposure water, 5,220 ± 765 (average ± SE) microbeads and 5,069 ± 64 (average ± SE) microfibers were recovered, indicating concentrations of approximately 52,200 beads/L and 50,690 fibers/L.



Exposure in the Presence of Food

No fiber ingestion was observed when particles were presented in the presence of food. Microbead ingestion was low, with 4 ± 1 part./individual (average ± SE), and 10% of individuals not having ingested any particle. The number of microbeads ingested per individual did not significantly differ between replicates. Microbead egestion was complete in 48 h for all the individuals, and more than 50% of the ingested microbeads were excreted in less than 2 h on average (see Figure 2B and Supplementary Table 1). Following filtration of exposure water (water column), 4,439 ± 178 (average ± SE) microbeads and 339 ± 53 (average ± SE) microfibers were recovered.



Fish Exposed via Water

In gills, microfibers were more abundant than microbeads: an average of 31 and 18 microfibers/individuals were observed for SW and FW fish, respectively, while only 18 and 0.2 microbeads/individuals were observed for SW and FW fish, respectively. Contrary to gills, very few particles were observed in the gut: samples containing fibers had a maximum of two fibers (1 and 0.6 fibers/individual on average for SW and FW fish, respectively), and only one sample contained microbeads (two beads present in one SW fish). In both FW and SW conditions, most particles were depurated in 2 h, and complete depuration was achieved in 48 h (Figure 3 and Supplementary Table 2). Group comparison based on particle shape indicates that in FW, a significantly higher number of fibers was found in both gills and gut immediately after exposure, compared to microbeads (p = 0.02, both in gills and gut). More specifically, microbeads were totally absent from gut samples and nearly totally absent from gills samples (only two FW fish were positive for the presence of beads in the gills). From 2 h of depuration, no significant difference between shapes was observed (Figures 3C,D). In SW, beads were nearly totally absent from gut samples (only one SW fish was positive for beads) but were found in gills samples (Figures 3A,B). However, the difference between shapes was not statistically significant in SW fish (p = 0.37 and 0.25 at T0 in gills and gut, respectively, and p = 0.06 in both gills and gut, at 2 h).
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FIGURE 3. Particle uptake (T0) and depuration over time in fish exposed via water [seawater (SW) or freshwater (FW)]. Results are expressed as the average number of particles found in tissue ± SE. (A) gills from SW fish. (B) Intestine from SW fish. (C) Gills from FW fish. (D) Intestine from FW fish.


Group comparison based on fish organs (i.e., gills and gut) indicated significantly higher numbers of particles found in gills, compared to gut, both in FW and SW conditions and until 2 h of depuration (SW: p < 0.03 and p < 0.02 at 0 and 2 h of depuration, respectively; FW: p < 0.02 and p < 0.05 at 0 and 2 h of depuration, respectively).

No difference in the number of particle was observed when groups were compared based on water salinity (i.e. SW and FW).

Following filtration of exposure waters, 646 ± 43 (average ± SE) microbeads and 646 ± 23 (average ± SE) microfibers were recovered in SW conditions, and 373 ± 26 (average ± SE) microbeads and 486 ± 43 (average ± SE) microfibers in FW conditions. This indicates approximate concentrations of 43,033 part./L for both microbeads and microfibers in SW and 24,867 microbeads/L, and 32,367 microfibers/L in FW. Although these concentrations are below the theoretical concentration of 50,000 part./L, they confirm fish exposure to both microbeads and microfibers, in SW and FW.

Following processing and filtration of samples from the control groups, eight microfibers were observed in the case of one gut sample from an SW fish. No microbead or microfiber was observed in any other sample from control groups neither in SW nor in FW, gut or gills, and at any sampling time.



Fish Exposed via Trophic Chain

The method used to perform trophic exposures allowed us to quantify the number of ingested microbeads for each fish. Detailed numbers are presented in Supplementary Table 3. The presence of microbeads in fish gut is therefore expressed as the percentage of ingested particle. Similarly to water exposure, fast depuration was observed: more than 50% depuration was achieved within 2 h and complete depuration was observed in 48 h (Figure 4). Detailed numbers of microbeads recovered over time are presented in Supplementary Table 3. No microbead was observed in fish from the control group.
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FIGURE 4. Microbead depuration over time in fish exposed via trophic chain. Values are numbers of microbeads recovered in fish gut, expressed as a percentage of ingested microbeads (average ± SE; n = 3).




DISCUSSION


Particle Ingestion and Retention Time in Artemia

Artemia are filter-feeders that can feed on a wide range of particle sizes (Bergami et al., 2016): they continuously ingest particles present in the surrounding water. The very high particle concentration used for this study is not representative of environmental concentrations but was chosen to maximize interactions between particles and organisms. The microbead ingestion (30 particle/individual on average) observed in the absence of a food source is therefore not surprising and has previously been observed (Batel et al., 2016; Peixoto et al., 2019). The observed microbead retention time was also longer than normal retention time for Artemia (48 h, determined with food). Despite the high particle concentration, fiber ingestion was very low. Although microfiber diameter (12.5 μm) is much smaller than that in Artemia (∼1 cm), the fibers can be long enough to limit their ingestion. Other studies observed higher ingestion rates for microbeads than for fibers, by gammarids (Blarer and Burkhardt-Holm, 2016), shrimps (Gray and Weinstein, 2017), and daphnids (Ziajahromi et al., 2017). One study found higher ingestion rates for fibers, in Hyalella azteca (Au et al., 2015).

In the presence of food, no microfiber ingestion was observed and microbead ingestion was very limited (approximately four microbeads/individual), while food ingestion was fast. In the exposure water, visual observation indicated microfiber flocculation with food and sedimentation, which was further confirmed by particle quantification: a low proportion of fibers was left in the water column (<7%). However, the number of microfibers in suspension was still high enough to allow interaction with Artemia. The number of microbeads in the suspension was high (89% of nominal concentration) and similar to concentrations measured in the absence of food. Therefore, the limited particle ingestion by Artemia in the presence of food is not likely to be due to limited numbers of particles, and suggests instead selective feeding and avoidance of plastic microparticles. Complete microbead egestion was faster in the presence of food, corresponding to the normal food retention time (48 h). Similarly to our result, limited ingestion of plastic microparticles in presence of food has been observed in Artemia parthenogenetica (Wang et al., 2019). On the contrary, a similar study conducted with blue mussel showed that plastic microbead retention time increased in the presence of food (Chae and An, 2020), suggesting species-specific ingestion, and egestion patterns.

These results also highlight the importance of the experimental design when assessing microplastic ingestion and retention time. The total absence of food in natural environments seems unlikely, and very high microplastic concentrations are not expected, except in specific hotspots (Van Cauwenberghe et al., 2013). Our results show that microbeads can be ingested by Artemia and retained for a couple of days and are therefore likely to be transferred to organisms from upper trophic levels.



Microbead Trophic Transfer to Fish

Microbead egestion by fish exposed via trophic chain was fast, with more than 50% depuration achieved within 2 h and complete depuration was achieved in 48 h. This corresponds to stickleback’s normal gut retention time (estimated at 48 h) and suggests that plastic microbeads do not accumulate when transferred from contaminated preys. Similarly to our results, a short retention time of microplastic was previously observed in goldfish exposed via food (33 h), with no significant differences between microplastic and natural food (Grigorakis et al., 2017). The short microplastic retention time in fish, seen in light of field studies’ results, highlights an important feature of environmental exposure. Currently, most field studies report high proportions of fish positive for the presence of microplastics. Short microplastic retention time implies that the probability of fish ingesting microplastic shortly before sampling is high, suggesting that fish are continuously, or at least very frequently, exposed to microplastics in the environment.



Particle Interaction With Fish Exposed via Water

Particle quantification in exposure waters showed concentrations lower than nominal concentrations, especially in FW. This could be due to initial suspension preparation. However, the concentrations measured in Artemia exposure waters were very close to nominal concentrations, suggesting that our methods enable accurate preparation of both microbead and microfiber suspensions. Moreover, we performed pilot studies to ensure that particle suspension in water, ingestion by organism and processing with 10% KOH (cf. section Fish Samples Processing and Analysis) would not alter particles’ physical properties (e.g., color loss) and result in lowered recovery rates (see Supplementary Figure 1). It is therefore more likely that after 2 h of exposure, particles are not homogeneously distributed in the water column. Since the water samples were taken at mid-depth of the water column, it can be hypothesized that plastic microparticles tend to float (case of SW) or sink, potentially flocculating with fish feces (case of FW). The quantities of particles recovered from water samples indicate that fish were still exposed to high particle concentrations and that concentrations were similar for microbeads and microfibers.

However, significant differences between microbeads and microfibers recovered from fish samples were observed in FW. This difference was not significant in SW, but the important individual variations at T0 and the low p-values (0.06) at 2 h of depuration suggest that the non-significance could be due to a low statistical power. Eight microfibers were found in a gut sample from one control SW fish. This is by far the highest number of microfibers observed in all gut samples and suggests a contamination of the filter during sample processing rather than contamination of fish during exposure. Since this is the only case of control contamination, it was decided to not include it in the calculations, by removing it as background contamination for instance. The almost complete absence of microbeads in the gut in both SW and FW conditions suggests that fish could selectively avoid microbeads. Stickleback are capable of actively selecting their prey based on shape and prefer straight prey over globular ones (Ibrahim and Huntingford, 2010), which supports the hypothesis of fibers selection over beads in our experiment. However, prey selection is also based on other factors, such as size, color, and movement, and color has been shown to be the predominant one, followed by movement, shape, and size (Ibrahim and Huntingford, 2010). Especially, stickleback can perceive blue colors (Rick and Bakker, 2008) and could have therefore distinguished the microbeads and actively avoided them. In another study where fish were exposed to microplastics of different colors, authors observed that fish avoided colored particles, whereas they ingested black particles that looked more similar to their food (Ory et al., 2018). Although the blue color of microbeads may have resulted in their selective avoidance by fish, it is important to note that in environmental conditions, rapid biofouling of microplastics (Harrison et al., 2014) can alter their physical appearance, including color. Color-based selection of microparticles may therefore not be as relevant in environmental conditions.

The significantly higher numbers of particles found in gills, compared to gut, show that gills are the most exposed organ when fish are directly exposed via water. Therefore, gills should be considered a highly relevant organ when investigating microplastic exposure and effects in fish. Currently, the vast majority of field studies conducted on fish focus solely on gut. Based on our results, we recommend that future field studies include gills when assessing the presence of microplastics in fish. Similarly, when considering effect studies at the organ level following water exposure, data on gills are under-represented, compared to those of gut (Karami et al., 2016, 2017; Choi et al., 2018; Jin et al., 2018; Lei et al., 2018). More effect studies on gills are therefore necessary to fill this gap.

Finally, our results indicate that in our specific exposure conditions, water salinity (i.e. SW or FW) do not influence exposure to and retention time of particles, therefore invalidating our initial hypothesis. Although the present results are unambiguous and represent valuable data on the comparison of FW and SW systems, they should not be extrapolated to the whole FW and SW ecosystems, and complementary studies comprising different species would be needed.



CONCLUSION

Our results confirmed that ingestion and retention by organisms are different between microbeads and microfibers, suggesting particle selection based on size, shape, and/or color. Invertebrates and fish exhibited different patterns—Artemia ingesting large quantities of microbeads but very few microfibers, while stickleback ingested more microfibers than microbeads. For Artemia, selective feeding was also confirmed with decreased particle ingestion when exposed in the presence of food. Our results also show that microfiber trophic transfer from Artemia to predator species is not likely, contrarily to microbeads. In fish, particle ingestion directly via water is limited, and ingested particles, either directly from water or from contaminated prey, have a short gut retention time. On the contrary, gills are more susceptible to microparticle exposure, with higher numbers of particles- and longer retention times. This highlights the importance of gills in fish exposure and effect studies. We therefore recommend that both field and laboratory studies include gills in their experimental design. Finally, we initially hypothesized that fish exposure to particle would differ between FW and SW conditions, but our results invalidated this hypothesis.
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