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Seasonal-Dial Shifts of Ichthyoplankton Assemblages and Plastic Debris around an Equatorial Atlantic Archipelago
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Seasonality was a stronger influence in the ichthyoplankton assemblages around the Saint Peter and Saint Paul Archipelago (SPSPA) than distance from the islands. Plastic debris were ubiquitous and although it presented diel trends, no other spatiotemporal patterns was showed. Larval Oxyporhamphus micropterus was the most important taxa (29.37% of the total catch), followed by Ceratoscopelus warmingii and Entomacrodus vomerianus. Exocoetidae eggs represented 41.01%. Mesopelagic fish larvae dominated the community. Myctophidae had the highest species richness (15). Four larval fish assemblages occurred: (1) night-time demersal/bathydemersal (Anguillidae, Congridae); (2) daytime mesopelagic/bathypelagic/epipelagic (Myctophidae, Cyclothone acclinidens); (3) daytime epipelagic (Exocoetidae, Coryphaena hippurus, Thunnus albacares); and (4) night-time reef and demersal (Blennidae, Pomacentridae, Lutjanidae). The dry season (lower temperature, higher chlorophyll a and higher SW wind velocity) influenced the first two assemblages. The rainy season (higher temperatures and lower NW wind velocity) influenced the last two. Nighttime abundance of dominant species in the rainy season suggests diel vertical migration nearshore. Plastics were 2.12 times more abundant than the most abundant fish larvae. Comparable amounts of larvae and plastics in the water column increase the chances of interaction between these two compartments and might disturb the local marine food web and promote the transfer of microplastic from one habitat to another, especially when smaller taxa contaminated by ingested fragments are preyed by migratory animals such as marine birds and tuna. A study around the area concluded that at least a part of the plastic debris can have local source due to fishing activities. Small-scale oceanographic mechanisms such as the interaction between the topography and currents (SEC and EUC) seem to be responsible for the retention of fish eggs, fish larvae and plastics around SPSPA.
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INTRODUCTION

Most marine fishes possess a pelagic larval phase, which disperse by drifting in ocean currents away from their spawning sites to areas of potential recruitment, where they might complete their life cycle (Pearce and Hutchins, 2009). However, larvae of some species are able to remain near adult habitat by mechanisms that evolved to avoid dispersal or advection to unfavorable areas (Boehlert et al., 1992; Vigliola et al., 1998; Sabatés et al., 2003; Moyano et al., 2014). Around oceanic islands these mechanisms include “winter cascading” (Boden and Kampa, 1953), retention in island eddies (Sale, 1970; Emery, 1972), flow-topography interactions (Hamner and Hauri, 1981; Wolanski and Hamner, 1988) and behavioral patterns such as ontogenetic migration (Leis and Trnski, 1989). Although self-recruitment is the main factor supporting local fish populations, larval inputs from other areas may also be important for the maintenance of these communities (Swearer et al., 1999; Cowen et al., 2006).

Oceanic islands and seamounts are important grounds for demersal and pelagic fishes in the open ocean, as well as hotspots for pelagic migratory species (e.g., genus Thunnus) (Boehlert and Mundy, 1993; Morato et al., 2010). Remote islands may be sites of higher (above average) primary productivity and zooplankton abundance when compared to the surrounding open ocean (Boehlert and Mundy, 1993; Macedo-Soares et al., 2009). They provide habitats in which larvae of pelagic and resident species can survive and grow (Dower and Perry, 2001). In these areas, the formation of fish assemblages is influenced by particular seasonal and spatial spawning patterns of adults (i.e., optimal physical and biotic conditions). Maintenance of these larval fish assemblages depends on larval behavior (i.e., seeking specific environmental features, prey search, directional swimming abilities), including the philopatry (tendency to return to natal home) and evolved local adaptation (Boehlert and Mundy, 1993; Bernardi, 2013).

Spatial scales are important to analyse changes in the structure and distribution of larval fish assemblages around oceanic islands (Boehlert and Mundy, 1993; Macedo-Soares et al., 2012), where fish larvae have been classed in four assemblage types: embayment areas, nearshore, intermediate nearshore or neritic and offshore, or oceanic (Boehlert and Mundy, 1993). This general pattern provide a greater understanding of habitats use by fish larvae around these islands.

Saint Peter and Saint Paul Archipelago (SPSPA) is a remote small group of rocky islands that rises few meters above sea level at the Mid-Atlantic Ridge. It represents a hotspot of biodiversity due to the concentration of pelagic fishes and high endemism of reef fishes (Vaske et al., 2005; Macedo-Soares et al., 2012). The local system of currents promotes vertical mixing between water masses and is likely to be the responsible for the formation, maintenance and disruption of the assemblages at the archipelago (Travassos et al., 1999). SPSPA is the main source of eggs and larvae that contribute to the formation of larval fish assemblages in the surrounding waters.

Most studies of plankton assemblages take in consideration only the living portion of this environmental compartment, leaving behind the non-living portion (Lima et al., 2014). The ubiquity of plastics pollution in the marine environment became a global concern (Costa and Barletta, 2015). Numerous studies have emerged in the last decades to elucidate the problems caused by the presence of plastic debris in the marine environment (Barnes et al., 2009; Thompson et al., 2009; Enders et al., 2015; Lusher et al., 2015; Yu et al., 2016). Plastic ingestion by marine fauna has been widely reported (Lusher, 2015). From these, ~27% are related to fishes (Dantas et al., 2012; Ramos et al., 2012; Lusher, 2015; Neves et al., 2015; Sá et al., 2015; Ferreira et al., 2016; Rummel et al., 2016) and ~2% to invertebrates (Besseling et al., 2014; Chua et al., 2014; Setälä et al., 2014, 2016; Lusher, 2015). Plastic debris that reach the sea originate mainly on land, through poor disposal practices such as accidental release, natural disasters and inadequate disposal habits (Thompson et al., 2009; Watters et al., 2010). Transport by rivers and winds permits entire plastic items and debris to enter the marine environment and travel over long distances along which they transform both physical and chemically (Wright et al., 2013).

In the marine environments, plastic fragments into microplastics (< 5 mm). Great attention has been given to this size class of pollutant, as a fraction much more abundant and ubiquitous in the marine environment in terms of number of items, which occurs from mangrove creeks and estuaries to remote oceanic islands (Ivar do Sul et al., 2013; Lima et al., 2014, 2016). These fragments are likely to be the most hazardous to marine biota owing to their small size, physical harm, blockage, starvation and chemical contamination due to organic and inorganic pollutants absorbed by the ingested microplastic (Frias et al., 2010; Turner, 2010; Cole et al., 2011; Rochman et al., 2013; Tanaka et al., 2013; Lönnstedt and Eklöv, 2016; Wardrop et al., 2016).

Studies conducted around oceanic islands such as Fernando de Noronha, Abrolhos, Trindade (Western Atlantic) and SPSPA (Equatorial Atlantic), confirmed that pelagic microplastic pollution is widespread throughout the western tropical Atlantic Ocean (Ivar do Sul et al., 2013, 2014; Eriksen et al., 2014). This study describes the spatial, seasonal and daily distribution of ichthyoplankton assemblages and plastic debris according to their distance from SPSPA (< 100 m, >100–500 m and >500–1500 m) in order to assess how oceanographic factors might influence distribution patterns. Additionally, this study also describes the possible effects of the presence of microplastics together with larval fish assemblages around the study area.

MATERIALS AND METHODS

Study Area

The study area comprises the adjacent waters around the SPSPA (0° 55′ 01″ N, 29° 20′ 44″ W), a group of 10 small islets and rocky summits that originated from a Meso-Atlantic elevation (plutonic massif with sedimentary covering) at 4000 m deep (Figure 1; Sichel et al., 2008). It is located in the Equatorial Atlantic Ocean at 1000 km from the northeastern cost of Brazil and 1800 km from the African coast. This archipelago is the smallest and most isolated archipelago in the Brazilian Exclusive Economic Zone, covering an area of 16,000 m2 (Macedo-Soares et al., 2012). The four major islets (Barão de Teffé, Saint Peter, Saint Paul, and Belmonte) form a small and shallow bay with depths from 4 to 25 m. Reef habitats consist of nearly vertical cliffs extending almost 60 m deep. In the sublittoral zone a soft coral (Palythoa caribeorum), two hermatipic corals (Madracis decatis and Scolymia wellsi), two black corals (genus Antipathes) and 14 algae species (e.g., Caulerpa racemosa) are important producers of this system (Edwards and Lubbock, 1983; Amaral et al., 2009).
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FIGURE 1. Saint Peter and Saint Paul Archipelago. Distances from the Archipelago: D1, < 100 m; D2, >100–500 m; and D3, >500–1500 m. Source: Google Earth (2016)1.



The main surface current of the archipelago is the South Equatorial Current (SEC) flowing westward. Its northern branch reaches the archipelago at speeds between 0.2 and 0.4 m s−1 (Lumpkin and Garzoli, 2005). Flowing eastward at depths between 40 and 150 m is the Equatorial Undercurrent (EUC) (core speed: 0.7 m s−1 and edge speed: 0.1 m s−1) (Stramma and Schott, 1999). Southeast trade winds have a constant strength of 7 m s−1 (Soares et al., 2009). From January to May the archipelago is under the influence of the Intertropical Convergence Zone (ITCZ), which increases precipitation and triggers the rainy season (Macedo-Soares et al., 2012). In June, there is a northward movement of the ITCZ and the precipitation decreases, starting the dry season (Macedo-Soares et al., 2012).

Sampling Methods

Samples were conducted in the adjacent waters around the SPSPA in April, August and November 2003 and in March 2004. Samples were collected with a cylindrical-conical plankton net (300 μm; Ø 0.6 m; 2 m long) during 5–10 min at 2 knots. Subsurface plankton tows (0–0.6 m) were conducted during each month at three distances from the archipelago: < 100 m (D1), >100–500 m (D2), and >500–1500 m (D3). Three samples were collected during dusk and night (18:00–22:15 h) and three during dawn and morning (06:30–12:00 h) for each distance, a total of 72 horizontal subsurface tows. The volume filtered per tow was calculated using a flowmeter (General Oceanics - Model 2030 Digital Series). A GPS (Ensign GPS Trimble Navigation) determined the sampling position. Water temperature (°C) and salinity (WTW LF 197) were recorded before the beginning of each sampling. Chlorophyll a (Chl a) values were obtained from the literature (Macedo-Soares et al., 2012). Wind velocity, wind direction and precipitation were obtained from the nearest oceanic mooring (0°, 35°W) (http://www.pmel.noaa.gov/pirata/) (Ivar do Sul et al., 2013). There are two main hydrological seasons at the archipelago: high (300 mm) and low (10 mm) monthly total precipitation. Samples were preserved in buffered formalin (4%).

Laboratory Procedures

Samples were divided into smaller aliquots (100 ml) to facilitate the separation of ichthyoplankton with the aid of a stereomicroscope—ZEISS; STEMI 2000-C (x5). Fish larvae and fish eggs were totally separated from the bulk sample and their counts per unit were converted to a standard volume of 100 m3. Ichthyoplankton were identified to the lowest possible taxonomic level identification following Fahay (1983), Moser (1996), Bonecker and Castro (2006) and Richards (2006). The classification of species habitat and mode of spawning followed Richards (2006) and Froese and Pauly (2015). The remaining plankton samples were filtered (0.45 μm filter) and freeze-dried (Ivar do Sul et al., 2013). Plastic items were visually counted using a binocular stereomicroscope and classified into hard plastics, soft plastics, rubber crumbs, paint chips or threads. Color diversification was observed, registering blue, black, white, yellow, green, gray, red, brown and purple fragments (Ivar do Sul et al., 2013). These fragments were further divided into microplastics (range: 0.15–4.8 mm; average 1.67 ± 1.22 mm) and larger items (range: 6.03–23.46; average: 13.94 ± 5.11 mm).

Statistical Analysis

Three subsurface water samples per period of the day (day and night) in each distance (< 100 m, >100–500 m, and >500–1500 m) and month (April, August and November 2003 and March 2004) were considered as replicates, and were used to test the proposed hypothesis. The factorial analysis of variance (three-way ANOVA), with a 5% level of significance, was performed to assess whether the distribution and density of the ichthyoplankton and plastics varied with space (D1, D2, D3), season (dry and rainy seasons) and between day and night (Zar, 1996). The Cochran's test was used to check the homogeneity of variances. The original data were Box-Cox transformed (Box and Cox, 1964) to increase normality of the distribution. The Bonferroni's test (α = 0.05) was used whenever significant differences were detected (Quinn and Keough, 2002).

A canonical correspondence analysis (CCA) (CANOCO for Windows 4.5) was performed to detect ecological correlations (ter Braak and Smilauer, 2002). A multiple least-squares regression was computed with the site scores (derived from weighted averages of fish larvae, fish eggs, and plastic debris) as dependent variables and the environmental parameters (rainfall, water temperature, salinity, Chlorophyll a, wind velocity, and wind direction) as independent variables (ter Braak, 1986; Palmer, 1993). To avoid the effect of high density values, data were log10(x + 1)-transformed. The CCA was run with 100 iterations with randomized site locations to facilitate the Monte-Carlo tests between the eigenvalues and species–environment correlations for each axis that resulted from CCA as well as those expected by chance. With this procedure, a triplot is produced where the environmental variables appear as vectors radiating from the origin of the ordination. The length of the vector is related to the power relationship between the environmental variable that the vector represents and the groups, for each main season.

RESULTS

Oceanographic Variables

Environmental measurements revealed two main periods: a warmer rainy period (March and April) and a colder dry period (August and November) (Figure 2). Although low average chlorophyll a was observed in the warmer period, the highest average chlorophyll a was observed in August and the lowest in November (Figure 2). Precipitation varied from 350 mm in April to 10 mm in November. Sea surface temperature was higher in March (28°C) than in August and November (below 27°C). However, in April, average water temperature was higher at 1500 m (27.8°C) than nearshore (below 27°C) (Figure 2). Average salinity was also higher in March (above 38) when compared to the other months (36 in April to 37 in November) (Figure 2).
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FIGURE 2. Monthly total rainfall and water temperature (°C), salinity and chlorophyll a (mg m−3) means (+S.E.) at D1, < 100 m ([image: yes]), D2, >100–500 m ([image: yes]), and D3, >500–1500 m ([image: yes]).



Composition, Abundance, and Structure of the Ichthyoplankton Assemblages and Plastic Debris

In total, 1598 fish larvae (0.015 ind. 100 m−3) and 32,462 fish eggs (0.54 ind. 100 m−3) were collected, among which 55 taxa were identified as belonging to 24 families (Table 1). From these, 18 taxa were captured only during the rainy period and 7 taxa during the dry period. The ichthyoplankton was dominated by mesopelagic fish species (especially Myctophidae). The highest abundance was observed for the epipelagic flying fish Oxyporhamphus micropterus at 0.0044 ind. 100 m−3 (29.37% of the total catch). The mesopelagic lanternfish Ceratoscopelus warmingii was second in rank at 0.0018 ind. 100 m−3 (12.16%) followed by the reef blenny Entomacrodus vomerianus (0.0015 ind. 100 m−3—10.44%). The family Myctophidae had the highest species richness (15), followed by Exocoetidae (6), Pomacentridae (4), Blennidae (3) and Scombridae (3) (Table 1). Unidentified pelagic eggs represented the majority of the eggs captured (32,462 eggs—58.65%). From the remaining eggs, four families were identified: Exocoetidae (41.01%), Labridae (0.24%), Pomacentridae (0.09%), and Trachpteridae (0.01%) (Table 1).


Table 1. Density of ichthyoplankton and plastic debris from the Saint Peter and Saint Paul Archipelago during different seasons (rainy and dry), periods (day and night) and distances from the islands [D1 (< 100 m), D2 (>100–500 m), and D3 (>500–1500 m)].
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Eleven species were exclusive to D1 (e.g., Hirundichthys sp. and Lampanyctus alatus), 7 to D2 (e.g., Nannobrachium lineatum and Thunnus albacares) and 3 to D3 (e.g., Myctophum asperum and Lepidophanes guentheri) (Table 1). Seventeen taxa were common to the three distances: O. micropterus, Exocoetidae sp., C. warmingii, C. maderensis, Dyaphus sp., Myctophidae spp., Electrona risso, Ophioblennius macclurei, Serranidae sp., Thunnus obesus, Bothus ocellatus, Cyclothone braueri, C. acclinidens, Scorpaenidae spp., Gigantactis sp., Trachpteridae spp., and Coryphaena hippurus (Table 1). Eighteen species were exclusive to the night period (e.g., E. vomerianus and Lestidiops sp.), while only 8 was exclusively captured during the day (e.g., L. guentheri and Hirundichthys sp.). Species richness was observed to decrease with sampling distances from the Archipelago. Nearshore catches had the highest species richness (44), followed by intermediate nearshore (38) and offshore (26).

In total, 99 individual items of microplastic and 22 of larger items were collected. SPSPA was contaminated with 47.2% (n = 34) of all samples containing plastic debris (Table 1). The most common fragment was hard plastic (n = 46), followed by threads (n = 26), paint chips (n = 25), rubber crumbs (n = 19) and soft plastic (n = 5). The most common color was blue (n = 40), followed by black (n = 27) and white (n = 23). Hard plastic represented 44.4% of the total microplastic and threads represented 77.3% of the total larger items. All items together accounted to a total density of 0.0093 items 100 m−3, which is ~1.63 times less abundant than the total fish larvae density (Figure 3). However, analysing by individual taxa, plastic density was ~2.12 times more abundant than the most abundant fish larvae (O. micropterus). Plastics were common to all three distances during the day and at night, in rainy and dry periods (Figure 4 and Table 1).
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FIGURE 3. Examples of ichthyoplankton and plastic debris in Saint Peter and Saint Paul Archipelago. (A) Trachpteridae eggs; (B) Exocoetidae eggs; (C) Pomacentridae eggs; (D) Ceratoscopelus warmingii; (E) Thunnus obesus; (F) Oxyporhamphus micropterus; (G) paint chips; (H) hard plastics; (I) soft plastics; (J) rubber cumber; (K) threads; (L) soft plastics.
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FIGURE 4. Total mean (+S.E.) density of ichthyoplankton (fish larvae and fish eggs) and plastics in different periods [([image: yes]) day and ([image: yes]) night] at D1 (< 100 m), D2 (>100–500 m), and D3 (>500–1500 m) for each season (rainy and dry).



Distribution Patterns of Ichthyoplankton and Plastic Debris

The three-way ANOVA results showed that fish larvae and plastics did not differ among season, distances and day/night periods (Figure 4 and Table 2). Fish eggs differed among the three factors (p < 0.05) (Figure 4 and Table 2). The interactions season vs. distance vs. period were also significant for these variables (p < 0.05) (Figure 4 and Table 2). Such interactions suggest that seasonality and the period of the day are influencing the distribution of ichthyoplankton and plastics around the Saint Peter and Saint Paul Archipelago.


Table 2. Summary of the ANOVA results for the mean density of fish larvae, fish eggs, and plastic debris.
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At distances D1 and D2, fish larvae and fish eggs had higher densities in the rainy season during the night (Figure 4). During the dry period, fish larvae had higher densities during the day, while fish eggs in the night. At distance D3, fish larvae and eggs had higher densities by day during both seasonal periods (Figure 4). The highest average densities of fish eggs and larvae occurred during the rainy season by night at D1 and D2, respectively (p < 0.05) (Figure 4 and Table 2). On the other hand, plastics had higher densities during the night at the three distances, independent of season, except during the rainy period at D2, when they had similar densities for both periods (Figure 4). Interactions showed that the highest average density of plastics occurred during the dry season by night at D1 (p < 0.05) (Figure 4 and Table 2).

Distribution Patterns of Main Ichthyoplankton

The ANOVA showed that the mean density of the 7 most frequent taxa differed either among season, distance and/or period (Figure 5 and Table 2). Larval O. micropterus had higher densities in the rainy season during the night at D1 and D2 (Figure 5). This species was absent by night at D3, being represented only during the day in both season. The highest average density of O. micropterus occurred during the rainy season by night at D2 (p < 0.05) (Figure 5 and Table 2). Larval C. warmingii and C. maderensis presented higher densities in the rainy season during the night and in the dry season during the day at the three distances (Figure 5). However, during the rainy season by day at D1 and D3, C. maderensis and C. warmingii were absent, respectively. In addition, larval C. maderensis were not captured in the rainy season at D3. Interactions showed that the highest average densities of larval C. maderensis were observed during the dry season by day at D1 (p < 0.05). Larval E. vomerianus was absent at D3 (Figure 5). It had higher densities during the night at D1 and D2 in both seasons, with highest average density at D1 during the rainy season (p < 0.01) (Figure 5 and Table 2). Larval O. macclurei and Serranidae spp. were absent during the dry season at D1 and D3, and during the rainy season during the night at D3 (Figure 5). This species had higher densities during the rainy period by night at D1 and D2, with highest average densities at D1 (p < 0.01) (Figure 5 and Table 2). Larval T. obesus was absent during the dry season, and during the rainy season by night at D2 and D3 (Figure 5). Their absence was also observed during the dry season by night at D1. Their highest average density occurred during the rainy season by day at D3 (p < 0.01).
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FIGURE 5. Total mean (+S.E.) density of the most abundant larval fish species in different periods [([image: yes]) day and ([image: yes]) night] at D1 (< 100 m), D2 (>100–500 m), and D3 (>500–1500 m) for each season (rainy and dry).



Distribution of Fish Larvae According to Their Habitat

The ANOVA showed that the distribution of fish larvae according to their 7 adult habitats differed either among season, distance and/or period (Figure 6 and Table 2). Larval demersal species were absent in the dry season in the three distances and in the rainy season during the day at D1 and D3. The highest densities were observed during the rainy season by night at the three distances (p < 0.01) (Figure 6). Larval demersal/bathydemersal species were absent during the rainy season, and dry season during the day at D1 and D3. They were also absent in the dry season, and rainy season by night at D2 (Figure 6). Although significant differences have been not detected, their densities were high by night at D1 and D3 and by day at D2. Larval epipelagic and epipelagic/mesopelagic species were absent only in rainy season during the night at D3, with highest average densities during the rainy season by night and dry season by day at D2, respectively (p < 0.05) (Figure 6 and Table 2). Interactions suggest that larval mesopelagic species presented highest densities in the rainy season during the night and in the dry season during the day at the three distances (p < 0.01) (Figure 6 and Table 2). Larval mesopelagic/bathypelagic species were absent during the dry season at D2 and during the rainy season by day at D1 and by night at D3, with highest average density in the dry season during the day at D3 (p < 0.05) (Figure 6 and Table 2). Larval reef species were absent during the dry season at D1 and D3, with highest average density in the rainy season during the night at D1 (p < 0.05).
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FIGURE 6. Total mean (+S.E.) density of larval assemblages according to the adult habitat in different periods [([image: yes]) day and ([image: yes]) night] at D1 (< 100 m), D2 (>100–500 m), and D3 (>500–1500 m) for each season (rainy and dry).



Influence of the Environmental Variables in Ichthyoplankton and Plastic Distributions

The CCA showed that the first axis of the correlations between species and habitat with oceanographic variables explained 61.1 and 49.1%, respectively, of the variance of the species/habitat/microplastic-environment relation, and represented seasonality (dry and rainy) (Figures 7A,B). The first axes showed negative correlation with rainfall for species relations (p < 0.01) and negative correlation with wind velocity for habitat relations (p < 0.01) (Figures 7A,B and Table 3). The second axes explained 19% and 24.6% for species and habitat relations, respectively, and represented the period of the day (day and night) (Figures 7A,B). Higher temperatures, lower wind velocity and lower Chlorophyll a characterized the rainy season. Northwest winds were prevalent during the rainy season and southwest winds during the dry season (Figures 7A,B).


[image: image]

FIGURE 7. Canonical correspondence analysis (CCA) triplot for the ecological correlations between the (A) ichthyoplankton/plastics and (B) larval assemblages/plastics and the oceanographic variables. Circles (°) represent the three distances from the Archipelago [D1 (< 100 m), D2 (>100–500 m) and D3 (>500–1500 m)] during each season [R (Rainy season) and D (Dry season)] and period (d, day; n, night). Triangles ([image: yes]) represent the plankton [ichthyoplankton (Cmad, Ceratoscopelus maderensis; Cwar, Ceratoscopelus warmingii; Eggs, fish eggs; Evom, Entomacrodus vomerianus; Omac, Ophioblennius macclurei; Omicro, Oxyporhamphus micropterus; Serr, Serranidae spp.; Tobe, Thunnus obesus), larval species habitats (D, demersal; D/BD, demersal/bathydemersal; EP, epipelagic; EP/MP, epipelagic/mesopelagic; MP, mesopelagic; MP/BP, mesopelagic/bathypelagic; R, reef), and plastic debris (Plast)]. The environmental variables [rainfall, chlorophyll a, salinity, temperature, wind direction (W.D.) and wind velocity (W.V.)] were represented by arrows. **p < 0.01.




Table 3. Summary of canonical correspondence analysis (CCA) using six environmental variables (water temperature, salinity, rainfall, chlorophyll a, wind velocity and wind direction) and density of fish larvae species, fish eggs, larval species habitats and plastic debris in the Saint Peter and Saint Paul Archipelago.
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During the rainy season, Serranidae spp., O. micropterus, fish eggs, and O. macclurei showed positive correlation with higher rainfall and higher temperatures. The first two taxa were abundant especially at D1 and D2 during the day and the other two at D1 and D3 during the night (Figure 7A). Thunnus obesus and E. vomerianus were positively correlated with day and night, respectively, especially during the rainy season. Larval epipelagic, reef, and demersal species were also positively correlated with higher rainfall and higher temperatures (Figure 7B). Larval epipelagic and reef species were correlated with the three distances. The former were abundant especially by day, whereas larval reef species were by night. Larval demersal species were present only during the rainy season, independent of the distance from the archipelago (Figure 7B).

During the dry season, C. maderensis, C. warmingii and plastics showed positive correlation with higher wind velocity, higher Chlorophyll a and southwest winds, especially at D1 and D3 (Figure 7A). The two taxa were more abundant by day, whereas plastics showed ubiquity trends with positive correlation with night periods (Figure 7A). Larval mesopelagic and epipelagic/mesopelagic species and plastics also showed positive correlation with higher wind velocity, higher Chlorophyll a and southwest winds. These species were abundant during the day especially at D1 and D2. Plastics were abundant by night, but ubiquitous (Figure 7B). Larval demersal/bathydemersal species showed strong positive correlations with the day period, and larval mesopelagic/bathypelagic species with the night period, both during the dry season (Figure 7B).

DISCUSSION

Seasonal Influence of Oceanographic Variables on the Distribution of Ichthyoplankton Assemblages

This study revealed that SPSPA is surrounded by 4 main larval fish assemblages. Leptocephalus larvae (Anguillidae and Congridae) and the lowest species richness characterized the first assemblage, which comprised larvae of demersal/bathydemersal spawners, common at night. The second assemblage had the highest species richness because it comprised most larvae of the family Myctophidae, as well as most larvae of less abundant pelagic spawners such as T. obesus, Cyclothone acclinidens, and Brama dussumieri. This assemblage included larvae of mesopelagic, mesopelagic/bathypelagic and epipelagic/mesopelagic spawners common during the day. The lower temperature, higher Chlorophyll a, higher wind velocity and the southwest winds of the dry season influenced both these assemblages. The third assemblage included larvae of epipelagic spawners common during the day, such as Exocoetidae larvae, Coryphaena hippurus, Belonidae sp. and two Scombridae species (Katssuwonus pelamis and T. albacares). The fourth assemblage comprised larvae of reef and demersal spawners common at night, and characterized by larvae of the families Blennidae, Serranidae, Pomacentridae, Scorpaenidae, Labridae, Diodontidae, Lutjanidae, Muraenidae, and Bothidae. Higher temperatures and the northwest winds of the rainy season influenced these two last assemblages.

Despite the fact that species richness decreased from nearshore (D1) to offshore (D3) samples, spatial influences were not as pronounced as observed in other studies of oceanic islands. These studies show that each distance has distinct or transitional oceanographic characteristics that influence the composition of larval fish assemblages. Nearshore assemblages are those most represented by island/reef taxa (e.g., Serranidae, Blennidae), transitional oceanic assemblages by mesopelagic fish larvae (e.g., Myctophidae) and offshore assemblages by oceanic taxa (e.g., Gonostomatidae, Exocoetidae) (Boehlert et al., 1992; Nonaka et al., 2000; Macedo-Soares et al., 2012). In our study, larval species exclusive of a single distance from the archipelago were rare during specific seasons or day/night periods, what is not enough to characterize an assemblage. In a previous interannual study at SPSPA, larval fish assemblages were highly driven by spatial and day/night influences (Macedo-Soares et al., 2012). Variations in assemblages structure in the same study area might be driven by differences in the composition and abundance of fish larvae when more than 1 year is considered, whereas their densities per years are coupled and include peaks, when compared with a seasonal study.

Although offshore samples were dominated by few larval species (~5) of epipelagic and mesopelagic spawners, larvae of some reef spawners were also captured offshore. Also, larvae of epipelagic and mesopelagic species were found nearshore. This composition is more similar to a transitional assemblage, such as described for the Abrolhos Bank (Eastern Brail) (Nonaka et al., 2000). In addition, the abrupt topography of SPSPA shortens the distances between reef, neritic and oceanic environments favoring the mix of species of different ecological guilds in the same assemblage (Boehlert and Mundy, 1993; Macedo-Soares et al., 2012). In the Medes Islands (Northwest Mediterranean) larvae of some shorefish species disperse toward the open ocean, while other species remains in the vicinity of the adults, suggesting that pelagic larvae are not dependent on passive dispersal (Sabatés et al., 2003). This emphasizes the fact that the horizontal annual distribution of the ichthyoplankton at SPSPA suggest a dependence on the physical conditions of the environment, independent of the distances from the archipelago.

A clear pattern in the present study is related to a fish egg pulse in the rainy season at nearshore distances, which also coincided with the pulse of fish larvae. The high abundance of eggs and larvae of O. micropterus strongly influenced these two pulses. The rainy season was important for the earlier phases of O. micropterus and probable spawning season of Exocoetidae species. In contrast, the dry period was very important for larval Myctophidae C. warmingii and C. maderensis, although pulses were not observed. In the Gran Canaria Island (Northeast Atlantic), seasonality also showed a strong influence on the annual larval assemblages than sampling site, resulting in two seasonal larval assemblages: a mixed and a stratified assemblage (Moyano et al., 2014). At Rottnest Island (Western Australia), recruitment pulses of fish larvae were recorded in La Nina and El Nino years related with stronger and weaker Leeuwin Current, respectively (Pearce and Hutchins, 2009). These results show that in some areas, seasonal oceanic processes or even small-scale temporal events can be stronger factors driving the formation of larval fish assemblages than do spatial distribution of habitats around the oceanic islands (Pearce and Hutchins, 2009; Moyano et al., 2014).

The interaction between the topography and the system of currents (SEC and EUC) near SPSPA produces vortices, disturbances of the thermohaline structure and possible mechanisms of local upwelling (Melo et al., 2012). In the present study, the northwest and southwest winds reaching the west side of the islands and the South Equatorial Current flowing eastward seems to be responsible for the nearshore retention of fish larvae due to the creation of surface eddies around the archipelago. Although upwelling is likely to be responsible by the dispersion of larvae toward the open ocean, at SPSPA these events seem to have a combined effect with eddies for the retention of fish larvae near the archipelago, such as observed in the Canary Current System during a weak upwelling season (Moyano et al., 2014). Areas of retention of pelagic larvae of island related taxa maybe due to the combination of current flow, topography and formation of eddies and upwelling, as reported at Johnston Atoll (Central Pacific Ocean) (Boehlert et al., 1992), Great Meteor Seamount (Diekmann et al., 2006), and near the Canary Islands (Moyano et al., 2014). In addition, a clear windward-leeward distribution pattern was also observed for neritic larvae during the late winter bloom off Gran Canaria Island (Moyano et al., 2014).

During the rainy season at nearshore distances (D1 and D2), dominant species were highly abundant during the night, suggesting a diel vertical migration. The highest oceanic productivity in midlatitude occur between March and April, when temperatures and precipitation are higher, favoring the appearance of fish larvae predators due to increased food availability (Joo et al., 2016). These months coincide with the rainy season at SPSPA. The distribution patterns observed for the dominant species seem to be associated with specific behavior of predator avoidance. During the dry season and at offshore distances (D3) they were abundant during the day, possibly because productivity decreased, and thus predator avoidance, were a secondary problem for their survival. The influence of day and night periods on larval fish assemblages was also observed in Cobb Seamount (Northeast Pacific) and Great Meteor Seamount (Northeastern Atlantic), being an indicative of changes in the vertical distribution of fish larvae (Dower and Perry, 2001; Diekmann et al., 2006).

At SPSPA the specie richness of reef fishes is relatively high, accounting for 52 species form a checklist of 116 taxa (Vaske et al., 2005). From these, 13 taxa were recorded as reef larvae in the present study, with E. vomerianus and Serranidae spp. dominating the larval community. The low abundance, or total absence, of some reef taxa might be caused by differences in the distances sampled, which contributes to differences in larval assemblage composition. In some studies, oceanic assemblages were identified in samples collected 3 km away from the island (Leis and Miller, 1976; Macedo-Soares et al., 2012); as well reef fish larvae have been collected hundreds of kilometers far from nearshore (Victor, 1987). An interannual study at ASPSP showed that the most abundant larval reef taxa were the endemic Stegastes sanctipauli (Pomacentridae) and E. vomerianus, predominantly found inside the cove and in tidal pools, respectively (Macedo-Soares et al., 2012). This was probably related to self-recruitment strategies, since these species release non-pelagic eggs, which helps to keep larvae near their adult habitat (Macedo-Soares et al., 2012). In the present study, cove samplings were not conducted, however, the genus Stegastes was recorded at D1 and E. vomerianus was the third most abundant taxa.

Distribution of tuna larvae (Scombridae), particularly of the commercially important genera Thunnus, have been extensively investigated to identify spawning locations (Leis et al., 1991; Boehlert and Mundy, 1994; Fowler et al., 2008). Although not highly abundant, Thunnus obesus was well represented during the rainy season (day period), especially at distances >500 m up to 1.5 km from SPSPA. Low mean concentration of tuna larvae have been recorded in many oceanic studies, due to their broad geographical range and spawning patterns (Leis et al., 1991). However, higher concentrations of tuna larvae were found in studies of tropical near-reef locations, such as in near-reef waters of the Coral Sea, Lizard Island—Australia (Fowler et al., 2008) and Oahu Island, Hawaii (Miller, 1979). These results emphasize the importance of remote oceanic islands and seamounts as hotspots of fish biodiversity, which include ecological and commercial important taxa, reinforcing the need of management for the conservation of these ecosystems.

Distribution of Plastics and the Effects of Their Occurrence Together with Fish Larvae

More than 119,000 m3 of seawater were filtered during the samplings. This resulted in a total density of plastic debris (>0.15–23.46 mm) of ~0.01 items per 100 m3. The average number of plastic debris was 1.7 ± 2.56 items per sample. Although 47.2% (n = 34) of samples were contaminated, plastic debris were found at least in one replica of each treatment (i.e., distance, daily periods and season) per month. Thus, the results of our study confirmed that plastics are present in every distances around the SPSPA (Ivar do Sul et al., 2013), independent of seasons or periods, being considered ubiquitous with positive correlation with night periods and sharing the same habitats of larval fish community.

The sources of microplastic pollution to coastal environments are likely river basins, mangrove forests and adjacent beaches due to domestic, recreational and artisanal/commercial fishery activities (Guebert-Bartholo et al., 2011; Possatto et al., 2011; Ramos et al., 2012). In the ocean, the accumulation of buoyant plastics in the center of subtropical gyres are due to surface currents and winds (Moore, 2008; Maximenko et al., 2012). However, in remote oceanic islands as SPSPA, mechanisms that facilitate the presence and distribution patterns of microplastics are not fully known. Phenomena as particle aggregation, animal activities and currents may bring plastics. However, another probable source of plastic debris for SPSPA is the small and constant fishing fleet (Ivar do Sul et al., 2013), which have been responsible for a shark population extinction in the archipelago (Luiz and Edwards, 2011; Ivar do Sul et al., 2013). The presence of plastic threads (22% of the total debris and 77.3% of the total larger items) is likely related to these fishing activities around the area, suggesting that at least a part of these fragments ere locally sourced (Guebert-Bartholo et al., 2011; Ivar do Sul et al., 2013; Chen, 2015; Costa and Barletta, 2015). Small-scale oceanic mechanisms that retain fish larvae close to the archipelago are likely also promoting the trapping of microplastics.

Due to variations in sampling methods and effort, as well as differences in oceanographic variables of the regions, care is needed to compare oceanic ecosystems regarding the density of plastic debris. The mean density of plastic debris (micro and larger items) found at SPSPA waters was 0.00013 items per 100 m3 in both rainy and dry periods. These values are much lower than those found in the Northeast Pacific ocean (Southeast Bering Sea), where mean density varied from 0.4 to 19 items 100 m−3 (Doyle et al., 2011). In Northeast Atlantic Ocean and Artic Polar waters, mean density reached 246 items 100 m−3 (Lusher et al., 2014) and 34 items 100 m−3 (Lusher et al., 2015), respectively. The total density of plastics around SPSPA was ~0.01 items 100 m−3 and varied from 0.0049 items 100 m−3 in the dry season to 0.0044 items 100 m−3 in the rainy season. When compared to other studies, the total density of plastics in SPSPA are low. For example, in the coastal ocean near Long Beach (California), plastic densities varied from 1000 items 100 m−3 during the dry season to 6000 items 100 m−3 after a storm event (Moore et al., 2002). SPSPA still presents a much smaller density when compared with a study conducted from the European Coast to the North Atlantic Subtropical Gyre, where plastic densities varied from 1300 to 50,100 items 100 m−3 (Enders et al., 2015). However, when compared with studies in pelagic waters around three oceanic islands of the Western Atlantic (n = 243 particles), the density of plastics at SPSPA (n = 121 particles) were on the same order of magnitude as that around Abrolhos Archipelago (0.04 items 100 m−3), Fernando de Noronha Archipelago (0.015 items 100 m−3) and Trindade Island (0.025 items 100 m−3) (Ivar do Sul et al., 2014).

Studies on the relationships between the abundance of planktonic organisms and plastic debris in the water column suggest that comparable amounts increase their chances of interactions (Collignon et al., 2014; Long et al., 2015; Panti et al., 2015; Lima et al., 2015, 2016). The density of plastic at SPSPA (0.0093 items 100 m−3) were on the same order of magnitude of the most abundant larval species O. micropterus (0.0044 larvae 100 m−3). In addition, during specific times, plastics surpassed the total ichthyoplankton density at specific distances. Interactions of these fragments with planktonic organisms and their predators have also been reported (Lima et al., 2015, 2016; Long et al., 2015; Panti et al., 2015; Cole et al., 2016). These organisms are prone to feed on available microplastics and promote the transfer of particles and sorbed pollutants throughout the trophic web (Dantas et al., 2012; Lusher et al., 2013; Rochman et al., 2013; Tanaka et al., 2013; Besseling et al., 2014; Sá et al., 2015; Ferreira et al., 2016; Lönnstedt and Eklöv, 2016; Wardrop et al., 2016).

Microplastics have been reported to widely pollute all marine environments including subtropical gyres, estuaries and remote oceanic islands (Ivar do Sul et al., 2013; Lima et al., 2014; Costa and Barletta, 2015; Lusher, 2015). Whereas plastic debris are mixed with larval assemblages around SPSPA, the main concern of this study is the reduction of the nursery function and of the feeding area of this archipelago if fish larvae are ingesting plastic fragments. Predators can feed on plastic debris of the same order and shape as major zooplankton taxa in the area. For example, flexion and post-flexion fish larvae (>7 mm) can prey on microplastic, especially those smaller than 1 mm (47.9% of the total number) and then be consumed by top predators (Barnes et al., 2009; Boerger et al., 2010; Cole et al., 2011; Wright et al., 2013; Ferreira et al., 2016). This disturbance of the trophic web is also possible at ASPSP. The marine food web has been demonstrated to conduct the transfer of microplastic from one place to another, especially when they are preyed by migratory taxa such as marine birds and tuna (Vaske et al., 2005; Farrell and Nelson, 2013). Although new effects of microplastics pollution in the marine environment are constantly revealed, effects caused by ingestion of microplastics include contamination by persistent organic pollutants, biocides and trace metal, gut blockage and starvation (Turner, 2010; Cole et al., 2011; Costa and Barletta, 2015). High quality information are necessary to understand possible pathways and sources of microplastic pollution in remote marine regions, including their interactions with meteo-oceanographic variables, living compartments and temporal trends to help assessing the role of microplastics in ecosystem functioning.
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FOOTNOTES
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