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Sea-Surface Slicks and Their Effect on the Concentration of Plastics and Zooplankton in the Coastal Waters of Rapa Nui (Easter Island)
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The abundance and distribution of plastic debris at the sea surface shows considerable variability over different spatial scales. Some of the oceanographic processes at small (<1 km) and submeso (1–10 km) scales manifest themselves as slicks at the sea surface, which might have the potential to concentrate organisms and particles (such as positively buoyant plastics), putting species that feed in these areas at risk of ingesting plastics. Slicks can be filaments, lines, meanders, or patches, which are lighter in color and smoother in surface roughness compared to the surrounding area. Here we tested the hypothesis that passive particles (including plastics) and organisms are aggregated in the surface waters within these slicks. According to their main features (orientation to coast and/or wind), the studied slicks were most likely generated by oceanographic processes such as topographically controlled fronts, other types of fronts and internal waves. Neuston samples were collected from the sea surface inside and outside of slicks (n = 11 sites with slicks) in the coastal waters of Rapa Nui (Easter Island) during two campaigns in austral summer (January 2018) and autumn (April 2019). In general, passive particles, including plastics, exuviae, eggs and foraminiferans, were found more frequently inside than outside the slicks. In some cases, motile zooplankton organisms such as chaetognaths, vertically migrating crustaceans and early developmental stages (EDS) of fish were also more common within the slicks. In addition, a positive relationship was found between plastics and planktonic organisms such as foraminiferans, snails and jellyfish (e.g., Velella velella), although a strong correlation was also found with fish EDS and chaetognaths. These results suggest that surface slicks are areas of aggregation for both passive particles and active organisms, thus playing an important ecological role in food retention and particle concentration where the risk of plastic ingestion by fish and seabirds is enhanced.
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INTRODUCTION

Plastic particles are accumulating in many different marine environments (Thompson et al., 2004; Cózar et al., 2014; Eriksen et al., 2014; van Sebille et al., 2020). Many types of plastics are positively buoyant, and as passive particles they are transported by currents and concentrated in the large oceanic gyres (Maximenko et al., 2012; van Sebille et al., 2020). Dense accumulations of floating plastics, mainly from the mainland and industrial fisheries, are also found in the center of the South Pacific Subtropical Gyre (SPSG), which is close to Rapa Nui (Easter Island) (Eriksen et al., 2013, 2018; Miranda-Urbina et al., 2015; van Gennip et al., 2019).

Different oceanographic processes acting over various scales determine the spatio-temporal dynamics of organisms and particles. For example, the oceanic distribution patterns of floating plastics are driven by large-scale oceanographic processes (>200 km; Eriksen et al., 2014; van Sebille et al., 2020). Extensive convergence zones that concentrate floating particles are controlled by Ekman currents, a global process driving the large-scale oceanic circulation (Maximenko et al., 2012; van Sebille et al., 2020). These dynamics are generating (among others of smaller scale) the accumulations of floating plastics in the subtropical gyres (Martínez et al., 2009; Maximenko et al., 2012; Eriksen et al., 2014). On the other hand, the mesoscale (10–200 km) circulation in form of eddies and fronts influences the horizontal movements of particles in the open ocean (Pichel et al., 2007; Howell et al., 2012; Frère et al., 2017; Brach et al., 2018). Spatial variability of particle abundance and distribution at smaller scales (<10 km) may be due to water movements resulting from processes such as internal waves, Langmuir cells, submesoscale fronts and other related roll-like instabilities with surface convergence (Hamner and Schneider, 1986; van Sebille et al., 2020; Cózar et al., 2021; Shanks, 2021).

In particular, processes that create fronts, internal waves, and/or Langmuir cells can also generate zones of aggregation and desegregation of particles at small and submesoscales (Thomas et al., 2008; Caruso et al., 2013; Acha et al., 2015; van Sebille et al., 2020, Cózar et al., 2021; Shanks, 2021). In these frontal zones, different bodies of water are found that create horizontal gradients of physical-chemical parameters (Belkin and Cornillon, 2003). These processes of aggregation of particles often have superficial manifestations at the sea surface that are called slicks or windrows (Kingsford and Choat, 1986; Cózar et al., 2021).

Slicks have been observed in freshwater and marine environments around the world (Pingree et al., 1974; Kingsford, 1990; Marmorino et al., 2002; Belkin and Cornillon, 2003; Ryan et al., 2010). Thomson (1862) was the first to emphasize slicks as features accumulating different objects and organisms. The formation of slicks is associated with convergence zones (Kingsford, 1990; Moum et al., 1990; Caruso et al., 2013; Cózar et al., 2021), which promote surface accumulations of natural oils, lipid derivatives or phenolic materials. These surface oil films have a dampening effect on small waves (generating smooth surface areas), making the convergence zones visible at low to moderate wind speeds (Ewing, 1950; Carlson, 1982; Kingsford, 1990). In the literature, slicks are described as dynamic and short-lived features that directly depend on wind and waves for their visualization (Shanks, 2021; Whitney et al., 2021). Therefore, the slicks appear when the wind is calm, and they break up when wind speeds are equal to or greater than 8–10 m s–1, disrupting the thin oil films (Caruso et al., 2013; Gade et al., 2013).

There are many forcing processes capable of generating convergent structures, although the physics behind these small-scale structures are only beginning to be understood (van Sebille et al., 2020; Cózar et al., 2021). The main documented processes that generate slicks are different types of fronts (Marmorino et al., 2002; Ryan et al., 2010; Cózar et al., 2021), Langmuir circulation and internal waves (Kingsford, 1990; Cózar et al., 2021; Shanks, 2021). These processes play an important role in concentrating organic matter and plankton (Shanks, 1983; Kingsford and Choat, 1986; Mattos and Mujica, 2012). They are also recognized as zones of high activity for planktivorous organisms such as fish and seabirds (Bourne and Clark, 1984; Kingsford and Choat, 1986; Young and Adams, 2010; Gove et al., 2019).

The spatial accumulation and distribution of zooplankton is modulated by biotic and abiotic factors, such as wind-induced movements, eddies and tidal advection (local scale and short duration; hours to weeks; Flagg et al., 1994; Mann and Lazier, 1996; Wiafe and Frid, 1996; Pineda, 1999; Genin, 2004; Acha et al., 2015). Some of the biotic factors are food variability, physiology and behavior, which influence the temporal dynamics of planktonic assemblages. Many zooplankton organisms migrate vertically during the day (Lampert, 1989; Gibson et al., 2009) and seasonal variability is typically associated with phytoplankton growth cycles, but tropical and subtropical marine environments are traditionally considered oligotrophic, and so they have low seasonal variability (Burford et al., 1995).

The structure of the zooplankton assemblage also depends on the interactions between ecological processes and environmental factors (Locke, 1992). Neuston refers to zooplankton that are closely associated with the thin film of the immediate surface of the ocean and include organisms that are exposed to wind drift and surface currents (Zaitsev, 1970; Hempel and Weikert, 1972). While neuston organisms are closely linked to the sea surface, other zooplankton organisms adjust their position in the water column (vertical migration) in function of their sensorial capacities, which vary depending on the taxa and ontogenetic state of the individuals (Pineda, 1999; Kingsford et al., 2002; Whitney et al., 2021). The accumulation of planktonic organisms within the slicks is also affected by the organisms’ ability to move (Weidberg et al., 2014). Some organisms aggregate passively because of convergence or a poor ability to swim. However, other organisms (e.g., fish larvae) may also aggregate actively in slicks, taking advantage of a large supply of prey within slicks (e.g., Gove et al., 2019; Whitney et al., 2021). In contrast to zooplanktonic organisms, the spatial and temporal distribution of passive and positively buoyant particles, such as wood, volcanic rocks, floating algae, remains of organic matter, exuviae, eggs and plastics (often found in neuston samples), responds mainly to physical processes, and they drift along the sea surface, often directly being pushed by the wind and surface currents (Son et al., 2015; van Sebille et al., 2020). It is because of this that in zones of particle aggregation, all these different types of passive particles (including plastics) are expected to accumulate, and consequently their densities at the sea surface should be positively correlated with each other. In contrast, some of the more agile zooplankton organisms have the capacity for active swimming and vertical migration, and consequently their densities may not be directly correlated with that of passive particles and plastic.

These considerations suggest that there is a potential ecological risk caused by overlapping plastic particles and zooplankton. This risk should be particularly high in the subtropical gyres where large amounts of microplastics are concentrated (Eriksen et al., 2014; van Sebille et al., 2020) in areas of low overall productivity (Morel et al., 2010). Here meso- and submesoscale convergence events have the potential to locally concentrate many small plastic particles and organic matter in zones of elevated primary production (Denman and Gargett, 1983; Williams, 2011). Slicks may therefore be attractive for fish and seabirds (Rothschild and Osborn, 1988; Sundby and Fossum, 1990; Mackenzie, 2000; Young and Adams, 2010; Dell’Ariccia et al., 2014) that would be drawn to these productivity hotspots (contaminated by plastic pollution) within the otherwise oligotrophic waters of the open ocean. Slicks can accumulate large amounts of organic matter and organisms, which can also be accompanied by plastic debris. For example, Bourne and Clark (1984) mentioned plastic litter off the coast of Chile in what they called a “line of scum,” which would be equivalent to slicks. Similarly, Young and Adams (2010), Law et al. (2014), and Gove et al. (2019) found large concentrations of plastics within these slicks, which could accumulate plastic along with other passive particles and low-mobility organisms. The slicks are therefore sporadic and ephemeral oases for many organisms, from plankton to large predators such as fish and seabirds (Godø et al., 2012). Thus, the overlap between plastic particles and zooplankton enhances the risk for various species, including visual predators such as seabirds and fish (larval fish and pelagic fish; Gove et al., 2019), as they will be exposed to high concentrations of plastic when foraging for their prey (Young and Adams, 2010; Fossi et al., 2017; Ory et al., 2017, 2018).

Rapa Nui is a good model system to study this potential overlap of plastics and zooplankton/neuston organisms as the abundance of microplastics in the waters surrounding Rapa Nui is greater (>50,000 microplastics km–2) than what is expected from a remote, non-industrialized island (Eriksen et al., 2013, 2018; Ory et al., 2017). This is probably due to Rapa Nui’s proximity to the SPSG, where plastics are concentrated (Martínez et al., 2009; Eriksen et al., 2013, 2018; van Gennip et al., 2019). Despite the high densities of microplastics in the surface waters around Rapa Nui, there is substantial variation on a mesoscale and submesoscale between sampling stations (Ory et al., 2017; Eriksen et al., 2018). In addition, Rapa Nui has hyper-oligotrophic conditions (Morel et al., 2010) and it has been reported that chlorophyll α and meroplankton concentrations are associated with geostrophic flow, vertical migration, larval behavior, and the generation and release of submesoscale eddies and other structures (Andrade et al., 2014a; Meerhoff et al., 2017).

The aim of this study was to compare the abundance of plastics and organisms inside and outside of visually identified slicks from coastal waters of Rapa Nui. In particular, we tested whether there is a positive correlation between the abundance of inert particles and zooplankton with that of plastic particles. In addition, the possible processes that cause the variability in the abundance of plastics at small (<1 km) and submeso (1–10 km) scales were explored.



MATERIALS AND METHODS


Study Site and Weather Conditions During Sampling Campaigns

All sampling was done along the southwest coast of Rapa Nui (Figure 1). Rapa Nui is located in close vicinity to the center of the South Pacific Subtropical Gyre (Luna-Jorquera et al., 2019). The biological importance of this region (Rapa Nui Ecoregion) is supported by the observed increase in coastal phytoplankton biomass with respect to the subtropical oligotrophic gyre, which has been described as the most transparent waters in the world (Pizarro et al., 2006). The coastal circulation around Rapa Nui is affected by the island’s topography and by the wind system, with the possibility of hourly and daily variations (Argandoña and Moraga, 2000). The geostrophic currents observed around Rapa Nui flow predominantly in northeast direction (Moraga et al., 2010; Meerhoff et al., 2017) and are influenced by mesoscale eddies (Andrade et al., 2014a). Slicks are commonly observed, especially close to three small islets (called “motu” by the local people). At smaller spatial scales close to Hanga Roa harbor and to these motu, we sampled inside and outside of natural slick lines that were visually identified from a small boat.
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FIGURE 1. Map and position of transects in the slicks from Rapa Nui. All slicks identified with a letter in the order they were sampled in (red letter) 2018, and (black letter) 2019.


Paired samples (inside and outside of slicks) were collected during summer, on the 6th, 12th, and 13th of January 2018 (eight samples in total, four inside and four outside of slick), and autumn, on 5th and 6th of April 2019 (14 samples in total, seven inside and seven outside of slick). Thus, throughout this study we collected a total of 11 samples inside slicks and 11 outside the slicks (Table 1). The weather conditions differed between the two sampling campaigns. In 2018, during the days before the sampling the average wind speeds were 4.1 ± 1.1 m s–1. During the days before the sampling in autumn 2019, there were strong wind and heavy rainfall, with average wind speeds of 5.6 ± 2.0 m s–1. The average wind speeds in 2019 were greater than those in 2018 (Supplementary Table 1). All daily wind, temperature and precipitation data were obtained from the Dirección General de Aeronáutica Civil (DGAC), specifically from the meteorological station located at the MATAVERI airport (Figure 1), belonging to the Dirección Meteorológica de Chile1. The wind speed and temperature reported in Table 1 correspond to the average conditions, as reported by the DGAC, during the duration of each sampling inside and outside the slicks.


TABLE 1. Characteristics of the slicks.

[image: Table 1]


Visual Identification of Sea Surface Slicks

The presence of a slick was visually detected by two observers on board of a small fishing boat. Slicks were characterized by a long streak at the sea surface that appeared smoother than its surroundings, sometimes with foam, bubbles, and/or floating debris and a marked change in the color of the water (Figure 2). Only clearly visible slicks stretching at least over a couple of hundreds of meters were examined in this study. A decision tree was created with the main oceanographic processes that generate the surface features, based on the literature, with the main characteristics of each process (Figure 3). The number of slicks observed may be useful to identify the process of origin of the slicks (Kingsford, 1990), as several lines unrelated to the wind may indicate internal waves (Kingsford, 1990; Woodson, 2018). The internal wave packets can be separated from each other by meters up to several kilometers, so from land or from a boat a single visible wave can be observed, although lonely internal waves that generate slicks have also been documented (Ermakov et al., 1992; Woodson, 2018). Several slick lines parallel to the wind can be indicative of Langmuir cells (Leibovich, 1983), although Langmuir cells may also occasionally converge (see Chubarenko et al., 2010). On the other hand, there are the slicks originated by the fronts controlled by local topography (Kingsford, 1990). We distinguish the island mass effect (which is usually at larger scales) in which the slick is associated with the direction of the main currents (Hernández-León, 1991). Headland fronts and islet wakes, on the other hand, generate slicks that are typically aligned to the wind and originate from an island mass, coastal point or shallow subtidal reef (Pingree et al., 1978; Wolanski and Hamner, 1988; Kingsford, 1990; Pattiaratchi, 1994). Based on this decision tree, the most probable processes that generated the slicks sampled in Rapa Nui during the two campaigns were qualitatively deduced.
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FIGURE 2. Examples of sea slicks (red arrows) visible at the sea surface along the coast of Rapa Nui. Sea slicks are characterized by (a,b) a smoother sea surface than the surrounding water, (c) changes in water color, and (d) the presence of foam, bubbles and/or floating debris. Sampling dates: (a) 12 January 2018; (b–d) 5 May 2019.
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FIGURE 3. Decision tree with the possible processes and main characteristics that generate slicks. Diagram shows images that were modified based on examples by Katherine Smith 2019: (https://www.integratedecosystemassessment.noaa.gov/regions/hawaii/hi-surface-slicks). Note for single slicks: In the case of finding a slick that is positioned parallel to the coast and unrelated to the wind, it appears that it is a solitary internal wave, e.g., when the wave train has a wavelength of up to 16 km. In the case of finding a slick that is parallel to the wind, unrelated to the coast and has arms or Y-shaped protections, it is possible that they are amalgamation/destruction of Langmuir circulation cells by the background topography. Black arrows indicate direction of wind or currents, as applicable.




Water Sampling

A total of 22 trawls were conducted, of which 11 trawls were collected inside the slicks and 11 trawls were collected outside the slicks (approximately 200 m away). At each sampling site, the DiSalvo neuston net was towed with a fishing boat at a speed of approximately 1.5–2.0 knots (mean: 1.7 knots). Once a slick was detected, the boat moved to one end of the slick. The vessel followed the longitudinal edges of the slicks, so the sampling time depended on the length of each slick. At no time did we pass through an area of the slick that had been sampled previously. The slicks sampled were wide and well-formed, sufficient for the vessel’s movement to not disturb the slick. It is also important to mention that at the time of the CTD station inside the slick, the opening of the DiSalvo net was raised to stop the epineustonic sampling. The length of the different slicks was variable, but the net was towed in each slick on average for 40 min in 2018 and for 12 min in 2019. The sample outside the slick was taken parallel and at about 200 m distance to the slick, over the same distance and time as the sample taken inside the slick.


Environmental Data Collection

The vertical temperature and salinity profile of the water were measured with a CTD (48M Sea & Sun Technology GmBH) that was manually lowered with a rope from the surface to 20–40 m depth. The CTD measurements were made once in the center of the slick and halfway through the sampling outside the slick, in both years. In addition, in 2019 before the start of a trawl inside a slick, a transect was made crossing the slick in perpendicular direction and the horizontal sea surface temperature was measured with a HOBO data logger attached to the underside of the frame of the DiSalvo net (without codend).

As an indicator for the seasonal variability of currents in the motu zone, current measurements taken between 30 March 2015 and 21 February 2016 were used. These measurements were conducted with a RDI Workhorse 300 kHz Acoustic Doppler Current Profiler (ADCP), which collected data every 30 min with a vertical bin resolution of 1 m. The instrument was located at 100 m depth (27.214°S; 109.4412°W). The surface data (12 m) were included to compare the average current direction with the main direction of the observed slicks, which allowed us to infer the possible influence of these islets on slick generation. The mean surface currents were obtained for autumn (May 2015) and summer (January 2016) as an indicator of monthly and seasonal current variability for the study of slicks (summer 2018 and autumn 2019).



Neuston Sampling and Procedures

Neuston samples were collected with a DiSalvo neuston trawl (rectangular aperture: 80 cm wide × 40 cm high; 0.32 m2 opening area) mounted with a 2.2 m long epineustonic net with a 300 μm mesh opening closed by a PVC collector cod end (11 cm diameter × 29 cm length; Eriksen et al., 2018). The volume of the water filtered through the net was estimated with a HydroBios flowmeter attached across the middle of the trawl opening. The volume (V) of the water filtered through the net was determined using the following equation provided by the supplier2 : V (m3) = (net opening m height x net opening m width/2) × total number of flowmeter revolutions × 0.25 m. The area is divided by 2, because only the lower half of the net is submerged. The constant 0.25 corresponds to the pitch of the impeller (i.e., 0.25 m per revolution).

After each sampling, the net was briefly towed without the cod end to remove potential neuston debris remaining from a previous sample from the interior of the net (see Ory et al., 2017). At the end of each sampling, the content of the collector was transferred into 500 ml vials, sealed, and placed into a cooler. In the laboratory on Easter Island, the water samples were filtered through a 300 μm sieve and fixed in 95% ethanol for further analysis in the laboratory at the Universidad Católica del Norte of Coquimbo, Chile.



Analysis of Neuston Samples


Plastic and Microplastic Analysis

Water samples were visually examined under a stereoscopic microscope to sort out all potential plastic particles. Every potential plastic particle was retrieved, its shape (fragment, line, film, foam, pellet, other) and color was determined following the description by Ory et al. (2017), and it was photographed with a Canon Powershot SX210 IS mounted to the dissecting microscope. The size of each plastic particle was measured to the nearest 0.1 mm from the pictures using ImageJ3. Fibers (diameter ≤ 0.05 mm) were not recorded in this study due to the high risk of contamination with airborne fibers during the collection and processing of the samples in Rapa Nui and Coquimbo, where no chamber with clean air flow was available (see Foekema et al., 2013 and Kühn et al., 2020).

The chemical signature of a subset of 204 (9.4%) of the 2167 visually examined potential microplastics was analyzed using Fourier-transform infrared spectroscopy (FTIR) with an Agilent Cary 630 FTIR spectrometer. The obtained spectra were compared using siMPle version 1.0.1 (Primpke et al., 2020) with the siMPle ATR single spectra IR library version 1.0.2 (Primpke et al., 2018). Only spectra with a correspondence of ≥70% (Lusher et al., 2013) were considered to describe the particles’ polymer types. The diamond tip and sampling plate were cleaned between each measurement with a cellulose cloth.



Zooplankton and Passive Particles

After sorting out all plastics, large-sized particles and organisms were separated from the sample, to avoid overestimating the abundance of these large particles or organisms (i.e., feathers, piece of wood, etc.). Then the remaining neuston samples were split into equal parts (usually in two or four portions) using the Folsom methodology and device (McEwen et al., 1954; Alden et al., 1982). Zooplankton organisms were identified and grouped according to the most distinctive morphological characteristics of each taxonomic group. All zooplankton organisms and passive particles (crustacean exuviae, organic and inorganic material such as wood, volcanic stones, algae, etc.) were classified into four ranges of mobility indices. The criteria for the mobility index were based on the structures and ability to move in the water column. Category 0 is a passive particle with no movement capacity and no appendages to move (such as foraminiferans and eggs), category 1 represents organisms with reduced movement capacity and no appendages to move (e.g., Velella velella and polychaete larvae with spines), category 2 represents organisms with movement capacity with appendages to move (e.g., zoea larvae of brachyuran and anomuran crabs), and category 3 is for organisms with high movement capacity, and appendages modified for swimming (e.g., copepods and euphausiids; see Supplementary Table 2 with the indices of each group). The abundance of each group was first calculated by multiplying the number of individuals found in a section of Folsom by the number of times divided. Then, the total number of individuals was divided by the filtered volume (per cubic meter). After sorting and counting, all organisms in a sample were stored by taxa in 70% alcohol vials.



Statistical Analyses

We used single-factor non-parametric statistical analyses and in particular the paired Wilcoxon test to compare plastic abundances between inside and outside the slicks as the normality and homogeneity of variance of the data was not met (Q-Q plots and Levene’s test). Also, a Mann–Whitney U-test was used to compare the microplastic abundance between the two sampling years. Spearman’s correlation coefficients were used to compare the overall abundance (inside and outside the slicks pooled together) of inert particles and plastics. All analyses and plot were performed in R Studio v.3.4.3 (Package Performance Analytics version 1.5.3; Peterson and Carl, 2019, Package corrplot version 0.84; Taiyun and Viliam, 2017 and ggplot2 version 3.3.2, Wickham, 2016). In addition, an association index was calculated for all particles and organisms, where the value of abundance per m3 inside the slick was divided by the value outside the slick; in the cases where the inside value is divided by zero, for conservative reasons we kept the original inside-slick value and there was no case where a number smaller than 1 was divided by 1. This association index was used to determine whether the highest concentrations of individuals/particles were inside or outside the slicks.



RESULTS


Slick Characteristics

The average wind speed recorded by DGAC during the time of slick sampling was 1.5 ± 0.4 m s–1 in 2018, ranging from 0.9 to 1.8 m s–1. In 2019, average wind speed was 4.1 ± 0.7 m s–1 and the ranges were 2.8–4.8 m s–1 (Table 1). Five of the 11 slicks were parallel to the coast, but the position was more related to the wind direction and close to the islet (motu) at the same time, and five of all 11 slicks were close to the motu (Table 1). Based on the visual characteristics of slicks on Rapa Nui, such as the visible number of slicks, shape, position relative to the wind, coast or islet, the processes most likely to have generated the slicks are considered to be topographically controlled fronts (such as headland fronts or island wakes; Table 1), other types of fronts and internal waves. The length and width of the slicks are approximately 100–1,000 m and 3–20 m, respectively. In many slicks we observed foam or bubbles on the smooth surface inside the slicks. Furthermore, at two slicks we observed the presence of masked boobies Sula dactylatra.

The vertical temperature profiles from 2018 (Supplementary Figure 1) show that there was a trend of profiles with a weak stratification (thermocline), while in 2019 (Supplementary Figure 1) there was no stratification, and no shallow thermoclines were observed. The horizontal temperature profiles taken across the visible slicks showed a strong temperature gradient between a cold and a warmer side (Supplementary Figure 2 and Supplementary Table 3). On the other hand, mean currents obtained in 2015–2016 from the ADCP mooring (used as indicator for monthly and seasonal variability in the zone) for autumn (May 2015) and summer (January 2016) show that the general pattern of the surface currents (12 m) near the motu matches the direction of several slicks observed in both 2018 and 2019, for example, “a” and “h” (Figure 1 and Supplementary Figure 3).



Plastic Abundance

A total of 2,167 plastic particles were found in 22 water samples, with a median concentration of 0.27 ± 0.57 particles m–3 (median ± interquartile range; range = 16). We found significant differences between the abundance of plastics inside (0.29 ± 0.93 particles m–3; median ± interquartile range) and outside (0.097 ± 0.35 particles m–3; median ± interquartile range) of the slicks, with more plastics inside than outside the slicks (p < 0.005; Z = −2.8; Figure 4). Significantly more plastics were found in 2018 than in 2019 (p < 0.001). The median and interquartile range of plastic concentrations in 2018 (summer) was 1.26 ± 3.83 particles m–3, while the median in 2019 (autumn) was 0.13 ± 0.18 particles m–3.
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FIGURE 4. Density of microplastics (plastics/m3) inside and outside the slicks. The lines represent pairs of slicks, (2018) n = 4 pairs of slicks, and (2019) n = 7 pairs. Note that the scale is different between 2018 and 2019.


The plastic particles found in the samples had median length of 1.00 ± 1.00 mm (median ± interquartile range). In 2018, the majority (75%) of the plastics were <2 mm, while in 2019 this size fraction made up only 42% of all particles; mesoplastics (>5 mm) comprised 9% of all plastic particles in 2018 whereas it was 29% in 2019 (Table 2). Fragments, lines and films predominated in all samples, and most of these plastics were white/transparent and blue/green (Table 2). The FTIR analysis confirmed that >87% of the analyzed particles were plastics. Of these, 65.2% (n = 133 particles) were polyethylene (PE) and 10.8% (n = 22) were polypropylene (PP) (see Supplementary Table 4).


TABLE 2. The characteristics of the mesoplastics (>5 mm) and microplastics (<5 mm) found inside and outside the slicks.
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Zooplankton Abundance and Relationship With Passive Particles

Ten taxonomic groups were found: crustaceans (58.6%), foraminiferans (26%), mollusks (7.2%), fishes (2.4%), cnidarians (1.9%), polychaetes (1.7%), chaetognaths (1.2%), echinoderms (0.7%), insects and sponges (both found <0.0%). For the analyses, only those groups with >1% occurrence were used. On the other hand, many passive particles such as eggs, pieces of wood, algae, rocks, crustacean exuviae, dead insects, among other inert particles, were found. In general, eggs and foraminiferans were most abundant. The abundance of organisms inside and outside of the slicks varied between years for some organisms, with particles and organisms with low movement ability being more abundant in 2018 (austral summer) than in 2019 (austral autumn; Figure 5); in the case of Velella velella no individuals were found in 2019. The abundance of eggs (median = 3.99 particles m–3 inside vs. 2.66 particles m–3 outside) and foraminiferans (median = 0.59 particles m–3 inside vs. 0.35 particles m–3 outside) was significantly higher inside the slicks than outside (p < 0.02; Supplementary Table 5), and they were found in lower abundance in autumn 2019 than in spring 2018 (Figure 5). For the more mobile organisms, motile crustaceans were four times more abundant in 2019 than in 2018 (U = 27; p < 0.05; Figure 5 and Supplementary Table 5), mostly because of the high abundance of copepods and brachyuran larvae in 2019 (see Supplementary Figure 4 for details of the crustaceans). However, other mobile organisms such as fish and chaetognaths were more abundant in 2018 than in 2019 (Figure 6).
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FIGURE 5. Main passive particles and organisms. Density of organisms and particles per m3. Note that the scale is different between (A) and (B). Plastic abundance are shown for reference purposes.
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FIGURE 6. Main motile organisms. Density of organisms found inside and outside the slicks in 2018 (A) and 2019 (B). The groups are ordered by their mobility in the water column. Plastic density is shown for reference purposes. Insert shows less abundant groups with a different scale for better reference.


Of the passive particles, exuviae (median = 3.40 particles m–3 inside vs. 0.31 particles m–3 outside) were more abundant inside than outside the slicks both years (p < 0.03; Figure 5 and Supplementary Table 5). Moreover, for highly motile organisms, such as chaetognaths and early developmental stages (EDS) of fish (2–5 mm total length), there were significantly more incidences where there were more individuals inside than outside the slicks (p = 0.006; Supplementary Table 5). A positive relationship was found between plastics and passive particles such as foraminiferans, eggs and jellyfish (Spearman’s coefficient: 0.70, 0.74 and 0.72, respectively; Figure 7A and Supplementary Figure 5), although a strong correlation was also found with fish and chaetognaths (Spearman’s coefficient: 0.79 and 0.64, respectively; Figure 7B and Supplementary Figure 6).
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FIGURE 7. The correlation matrix between (A) plastics and groups with no or moderate motility, and (B) plastics and groups with high motility. Positive correlations are blue and negative correlations are red, the color intensity is proportional to the significance of the Spearman correlations coefficients and the number inside the box corresponds to Spearman’s coefficient (i.e., the closer to –1 or 1). Crustacean M, crustaceans with moderate mobility; Crustacean H, crustaceans with high mobility; Polychaete L, polychaete larvae; Fish J, early developmental stages of fish. The order of the groups is given by the mobility index: crustaceans were grouped into moderately mobile species (M: index 0–1) and highly mobile species (H: index 2–3; see Table 1).




DISCUSSION


Processes That Generate Surface Slicks

The slicks sampled during both sampling campaigns in Rapa Nui were most likely generated by topographically controlled fronts and internal waves. It is possible that some of the slicks sampled during the summer of 2018 in Rapa Nui were related to internal waves, since the water column was more stratified and there was less wind, conditions that are favorable for the propagation of internal waves (Holloway et al., 1997; Walter et al., 2014). Internal waves have frequently been reported to contribute to the generation of slicks (Ermakov et al., 1992; Law et al., 2014; Gove et al., 2019; Whitney et al., 2021), which may be common in stratified water columns with a shallow thermocline (Kingsford, 1990). In general, internal waves are considered to generate slicks that are unrelated to wind (Dietz and Lafond, 1950; Ewing, 1950; Woodson, 2018; Shanks, 2021).

Slicks near small islets could be generated by the topographic interaction of the islets with the current parallel to the coast as inferred for some of the slicks near the motu of Rapa Nui. These slicks, likely generated by topographically controlled fronts, are similar to those observed by Miller (1974) in Hawaii, where Whitney et al. (2021) also reported some slicks generated by topographic fronts. These headland fronts generate complex flows and particle retention (Pingree et al., 1978; Wolanski and Hamner, 1988). The wind-induced wakes that form on the leeward side of the islands are protected from the wind, so surface mixing and/or heat loss is minimal, which is why the wakes are characterized by higher temperatures (Fosberg, 1957; Wolanski and Hamner, 1988; Kingsford, 1990; Caldeira et al., 2005). Therefore, the wakes on the leeward side of the islets could generate a temperature gradient, possibly similar to the one found in the slicks sampled in Rapa Nui, but on a smaller scale, also related to the size of the islets (motu). Even in the case of slicks that are not related to islets, it has been reported that fronts or convergence zones are almost always accompanied by stronger horizontal temperature gradients (Fedorov, 1986; Belkin and Cornillon, 2003). This is also observed for the gradients of the other slicks sampled without direct topographical influence. However, no shallow thermoclines were observed in 2019, probably because on Rapa Nui the thermocline is described to be usually at great depths, greater than 80 m (Moraga et al., 1999; Cornejo et al., 2016), which could explain the lower concentrations of microplastics in the slick zones during this year.

Another possible process is reported by Jones (1962) who showed evidence for the mass effects of the Marquesas Islands in the equatorial Pacific. This has also been observed in coastal waters of Juan Fernandez Island (Andrade et al., 2014b) and the Island of Gran Canaria (Hernández-León, 1991). The slicks for which we could not infer the generating mechanism are possibly the expression of small submesoscale eddies, which are the main process behind the island mass effect, as mentioned by Andrade et al. (2014b) or Meerhoff et al. (2017), describing submesoscale (<10 km) structures in chlorophyll distribution around Rapa Nui.

The determining factor in the generation and duration of some slicks could be the wind speed (Romano, 1996). Langmuir circulation may be the engine creating the parallel windrows sampled during autumn (2019) in Rapa Nui, similar as had been reported from Catalina Island in California (Alldredge, 1982). We also realized that it was more difficult to identify and find slicks at higher wind speeds. Slicks are dynamic and have a short lifetime (Caruso et al., 2013; Gade et al., 2013). Indeed, three of the eleven slicks sampled in this study could not be matched with a possible mechanism of origin. Future studies are needed to better understand the formation of oceanic slicks: long-term observations and frequent measurements of temperature profiles and local currents together with remote sensing data (e.g., Whitney et al., 2021) will help to determine the spatio-temporal occurrence of slicks and the underlying processes. It is important to highlight that our current results have certain limitations (sampled in different seasons, few slicks sampled and with basic equipment), and need to be confirmed in future studies with higher spatio-temporal resolution.



Factors Influencing Differences in Plastic and Zooplankton Abundance Between Years

In this study, the overall densities of microplastics were higher in summer 2018 than in autumn 2019, which could be due to contrasting weather conditions (storm, rain, and strong winds) during these different sampling seasons. The 2019 sampling followed a period of stormy days with strong wind and rainfall, whereas the 2018 sampling was conducted during a period of relatively calm weather. In the open ocean, the amounts of microplastics collected by surface trawls are reduced during stormy weather due to wave-induced mixing (Eriksen et al., 2013; Reisser et al., 2015), as the buoyant plastic particles at the sea surface are mixed both vertically and horizontally by wind and waves (Kukulka et al., 2012; Reisser et al., 2015). Thus, the observed differences in plastic abundances and sizes at the sea surface may be mostly due to differences in wind-mixing and pushing of smaller plastics into subsurface layers during the 2019 sampling, when the densities of microplastics were lower. Due to their high buoyancy larger plastic particles are less likely to be pushed into deeper water layers by wind or wave surges, which might have led to the higher proportions of mesoplastics (>5 mm) in 2019. Similarly, horizontal movements produced by internal waves can be slowed by the strong actions of wind and waves (Jeans and Sherwin, 2001; Shanks, 2021), which could break or decrease the surface concentration of zooplankton in the slicks generated by internal waves (Owen, 1981; Kingsford and Choat, 1986).

Vertical water movements occur in mixing zones (convergence zones) and upwelling regions (divergence zones), which directly influence the production and distribution of plankton organisms in the water column (Zeitzschel, 1978). Therefore weather conditions (mainly wind) between the two seasons could have influenced the formation or duration of slicks and the abundance of particles and zooplankton organisms in the slicks. For example, Jamodiong et al. (2018) reported that 1 year there were few slicks due to extended wind turbulence and the following year the surface water conditions were calmer, which allowed the formation of slicks that were wide and extended up to at least 4 km.

The differences we found in zooplankton abundance between summer 2018 and autumn 2019 could be due to physical factors (waves or wind) and/or seasonal variability of plankton abundances. The differences between summer (2018) and autumn (2019) abundances in foraminiferans and eggs (less in autumn 2019; Figure 5) might be due to mixing induced by waves and wind, which might act in a similar way on eggs and foraminiferans as discussed above for plastics. In addition, the annual cycles of zooplankton quantity and composition are related to key environmental variables, e.g., surface temperature, nutrient availability, chlorophyll concentration (Mackas et al., 2012). In Rapa Nui, due to the contrasting nutrient availability, the highest concentrations of Chl-a occur during the winter (the minimum concentrations were reported for autumn and spring), when the mixed layer is deep (McClain et al., 2004; Andrade et al., 2014a; von Dassow and Collado-Fabbri, 2014). For organisms with meroplanktonic larvae it has been observed that the timing of spawning may have evolved to maximize larval survival. For example, spawning typically coincides with the highest primary productivity (Starr et al., 1990; Highfield et al., 2010). Thus, the difference in abundances between the two seasons may also be due to spawning times or presence of early larval stages. Fish eggs were found in greater abundance in summer 2018, coinciding with the spawning period reported for some fish species, which occurs during the months of November and January in Rapa Nui or the subtropical zone (Sazima and Sazima, 2001; Schaefer, 2001; Vega et al., 2009).



Co-occurrence of Plastics, Passive Particles, and Zooplankton Within Slicks

Our results indicate that high densities of plastics accumulate within the slicks in Rapa Nui coastal waters, which is consistent with reports from elsewhere in the world (Young and Adams, 2010; Gove et al., 2019; Cózar et al., 2021; Shanks, 2021; Whitney et al., 2021). Thus, the frequent (albeit ephemeral) formation of slicks further exacerbate the high densities of microplastics accumulating within the subtropical gyres (e.g., van Sebille et al., 2020), which are then further concentrated in the slicks. It is likely that the high variability in plastic concentrations found by Ory et al. (2017) and Thiel et al. (2018) around the island is due to samples that have passed through these slicks on small scales.

On the other hand, in both sampling periods, zooplankton and passive particles were more frequent within the slicks, suggesting that there may be active and passive accumulation, respectively, by the effect of physical processes. The slicks are found in convergence zones where organic matter and organisms with low swimming capacity and high buoyancy accumulate (Kingsford, 1990; Cózar et al., 2021). Thus, swimming capacity and buoyancy are considered important in determining whether organisms resist subduction and are aggregated in the slicks (Olson and Backus, 1985; Kingsford, 1990; Pineda, 1999). In some organisms, swimming ability and positive phototaxis (Zeldis and Jillett, 1982) or the amount of lipids and the ability to alter buoyancy with swim bladders (Kingsford and Choat, 1985, 1986) allow them to escape the convergent zones of internal waves. The accumulation of passive particles and organisms with limited mobility (e.g., eggs and larvae of polychaetes) inside the slicks observed here is generally consistent with studies in coastal waters (Mattos and Mujica, 2012; Whitney et al., 2021). Similarly, densities of plastic and floating organic matter or algae (passive particles) were generally higher in the slicks than in adjacent waters (Kingsford and Choat, 1986; Young and Adams, 2010; Gove et al., 2019). Therefore, the abundances of these passive particles, plastics and organisms may depend on the timing of slick generation, the intensity of vertical displacement in the convergence zone, the seasonal variation in plankton abundance and the physiology and ability to stay afloat (Kingsford, 1990; Shanks, 2021).

On the other hand, zooplankton and some of the more mobile organisms, such as fish EDS, were also found in greater abundances inside than outside the slicks, which is consistent with findings of Gove et al. (2019) and Whitney et al. (2021). These organisms with greater mobility may be concentrated in the slicks both by oceanographic processes and by their behavior (Zeldis and Jillett, 1982; Kingsford and Choat, 1986; Shanks and Wright, 1987; Weidberg et al., 2014). The positive correlation between inert particles and swimming organisms may be due to the ecological role played by slicks in accumulating and concentrating food (Kingsford and Choat, 1986), effectively functioning as fish nurseries (Gove et al., 2019; Whitney et al., 2021), and transporting meroplankton organisms toward the coast (Shanks, 1983, 1986, 2021; Kingsford and Choat, 1986; Weidberg et al., 2014). Zooplankton organisms, in addition to being affected by oceanographic processes at the ocean surface, also have behaviors that maintain them at the surface, such as sustained swimming, which would be directly related to ontogeny-dependent sensory capabilities and morphology (Kingsford et al., 2002). Many fish EDS migrate vertically and some species are near the sea surface during the day (Olivar et al., 2016). These organisms could be distributed vertically and horizontally according to their ontogenetic stage (Shanks, 1986; Morgan and Fisher, 2010), which can influence their abundances both inside and outside the slicks. Thus, the concentrations of organic matter and zooplankton prey in the slicks may attract active swimmers such as fish larvae, which seek out these areas for better feeding conditions (Gove et al., 2019; Whitney et al., 2021).

Our results indicate that slicks are surface convergence zones that accumulate high abundances of plastics, inert particles, zooplankton organisms, and juvenile fishes. Other visual predators, including ocean skaters Halobates and larger fishes that are also attracted to slick zones, might have escaped capture due to the type of sampling (slow with DiSalvo neuston trawl). In order to adequately sample these larger, more mobile predators, other types of nets, with wider mouths or nets that can be towed at a higher speed (such as AVANI – see Eriksen et al., 2018) should be used.



The Ecological Role of Slicks

Within the slicks all kinds of particles and organisms are accumulated, including both active and passive swimmers (Kingsford and Choat, 1986; Bakun, 2006; Mattos and Mujica, 2012; Gove et al., 2019; Whitney et al., 2021). This is due to the different mechanisms that affect the retention and movement of particles/organisms in slicks and convergence zones (Shanks, 1983; Shanks et al., 2000; Weidberg et al., 2014). In this way, meroplankton is carried to, or in some cases away from, coastal environments (Shanks, 1983, 1986; Kingsford and Choat, 1986; Kingsford, 1990; Pineda, 1999; Woodson et al., 2012; Weidberg et al., 2014). The association of slicks with reefs should facilitate the retention of meroplankton over varying periods of time (Kingsford, 1990). It is known that fronts can change position depending on the time of year (e.g., Mulhearn, 1987). Therefore, the position of the slick could potentially influence the settlement rates of meroplanktonic organisms on small islands or reefs (Kingsford, 1990). In addition, the favorable conditions of food retention within the slicks makes these a nursery place for many species, including EDS of fish (Gove et al., 2019; Whitney et al., 2021). Thus, slicks are temporary oases in the highly oligotrophic waters surrounding these oceanic islands (Godø et al., 2012). Also, slicks are hotspots in the interaction of plastics and marine organisms (Cózar et al., 2021).

Plastics were found to be more abundant inside the slicks than outside, which is consistent with other observations where slicks were found to retain and accumulate plastics (Young and Adams, 2010; Gove et al., 2019; Cózar et al., 2021; Shanks, 2021). Slicks concentrate prey and plastics and thereby increase the likelihood of encounter and ingestion by visual predators such as fish (Ory et al., 2017; Gove et al., 2019). EDS of fish found inside slicks consumed 2.3 times more plastic than those outside the slicks (Gove et al., 2019). Ingestion of plastics could reduce the survival of these EDS and/or convert them into a vector transferring plastics to other species that feed on these small fish, such as tunas, seabirds, or even large whales (Young and Adams, 2010; Fossi et al., 2017; Chagnon et al., 2018).



CONCLUSION AND OUTLOOK

This study confirms higher concentrations of plastics and organisms inside than outside the slicks, with internal waves and topographically controlled fronts being the most likely processes contributing to slick formation in the coastal waters of Rapa Nui. The different densities of organisms and plastics between the two sampling years (summer 2018 and autumn 2019) could be due to seasonal cycles (biology) and meteorological conditions affecting the dynamics of slick formation and passive particle concentration. Future work should provide measurements of vertical and horizontal currents, as well as estimates of the abundance of organisms and plastics at different depths inside and outside the slick.

The positive relationship between the densities of plastics and passive organisms with lower mobility supports the suggestion that slicks concentrate particles. However, a positive relationship was also found for some organisms with higher mobility such as juvenile fish, suggesting that these groups actively approach these slicks for feeding or transport to shore (Gove et al., 2019; Shanks, 2021; Whitney et al., 2021). These slicks retained significant amounts of plastics, lower trophic level taxonomic groups, and juvenile fish. This suggests that organisms within the slicks are susceptible to ingestion of plastics (Gove et al., 2019), and transfer to higher trophic level organisms could be a result. Slicks play an important ecological role in food retention and aggregation, where the risk of ingestion of plastics by mistake (confusion with their natural prey) or indirectly (with their prey organisms) appears to be high in visual predators such as seabirds, fish, and megafauna species that feed in these areas (Ory et al., 2017, 2018; Gove et al., 2019; Hidalgo-Ruz et al., 2021).

While evidence is growing that slicks accumulate plastics and organisms, the spatio-temporal dynamics of slick formation, persistence and break-up are still poorly known. Since these dynamics govern the organism-particle interactions within these ephemeral hotspots of productivity and plastic pollution (Cózar et al., 2021), future studies should focus on the ecology in the slick zones. This is of particular relevance in the oligotrophic subtropical gyres, which are characterized by high concentrations of microplastics and where slick zones are thought to be temporary oases attracting a wide range of organisms, including fish larvae and long-distance foragers.
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ID Date Wind Wind Position Position More visible slick Flow Possible oceanographic
speed direction regarding the regarding the from the process
(m/s™1) coast wind (<50m)  (>50m) islet
a 06-01-2018 0.9 NW/N Parallel Parallel No Yes Yes Headland front or island wake
b 12-01-2018 1.8 NW Parallel Intersecting No No Internal wave (I.W)
o] 12-01-2018 1.8 N/NE Parallel Parallel No No |.W or amalgamation of
Langmuir
d 13-01-2018 1.4 N/NE Perpendicular Perpendicular No Yes Yes Headland front or island wake
e 05-06-2019 2.8 NE Perpendicular Perpendicular No Yes Other type of front
f 05-05-2019 4.0 N Perpendicular Intersecting No Yes Other type of front
g 05-05-2019 4.8 NW Parallel Intersecting No Yes Yes Headland front or island wake
h 05-05-2019 4.8 NW Parallel Parallel No Yes Yes Headland front or island wake
i 05-05-2018 4.2 SW/W Perpendicular Parallel Yes No Langmuir cells-
amalgamation of Langmuir
j 06-05-2019 3.6 S Perpendicular Perpendicular No No Other type of front
k 06-05-2019 4.2 SW/S Perpendicular Parallel No Yes Yes Headland front or island wake

Position of slicks in relation to the coastline and the wind direction in order to deduce the possible oceanographic processes causing the slicks. The position of slicks
in relation to islets (motu) and the presence of additional slicks nearby. Wind direction corresponds to where it was going. Wind speed at the time of sampling of each
slick (source DGAC).
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Inside Outside Inside Outside
Size of plastics
0.3-1 mm 64% 54% 7% 17%
1-2 mm 20% 24% 38% 23%
2-3 mm 6% 7% 12% 27%
3-4 mm 2% 3% 10% 3%
4-5 mm 3% 4% 4% 0%
>5mm 4% 9% 28% 30%
Type of plastics
Fragment 87% 69% 69% 60%
Line 11% 26% 22% 23%
Film 2% 4% 3% 10%
Foam 0% 0% 4% 0%
Pellet 0% 0% 0% 0%
Other 0% 0% 3% 7%
Color of plastics
Black-Gray 7% 9% 17% 23%
White-Transparent 56% 51% 46% 53%
Green-Blue 31% 31% 33% 17%
Yellow 2% 4% 0% 0%
Red-Orange 3% 5% 4% 7%
Pink-Purple 1% 1% 0% 0%
Total no. of plastics 1371 685 81 30

Plastics found in the samples of 2018 (n = 4 sample pairs) and 2019 (n = 7 sample
pairs). The total of the plastics at the bottom of the table.
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