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Pelagic larval stages (meroplankton) of benthic invertebrates seasonally make up a significant proportion of planktonic communities, as well as determine the distribution of their benthic adult stages, yet are frequently overlooked by both plankton and benthic studies. Within the Arctic, the role of meroplanktonic larvae may be particularly important in regions of inflow from sub-Arctic regions, where they can serve as vectors of advection of temperate species into the Arctic. In this study, we describe the links between the distribution of larvae and adult benthic communities of bivalves, echinoderms, select decapods and cnidarians on the Pacific-influenced Chukchi Sea shelf during August-September in the time period 2004–2015 using traditional morphological and molecular tools to resolve taxonomic diversity. For most taxa, we observed little regional overlap between the distribution of larvae and adults of the same taxon; however, larvae of some organisms (e.g., the burrowing anemone Cerianthus sp., the sand dollar Echinarachnius parma) were only observed near populations of adult organisms. Larval stages of species not commonly observed in the Chukchi Sea benthos were also observed in the plankton; overall, shelf meroplanktonic communities were numerically dominated by larvae of coastal hard-bottom taxa, rather than local soft-bottom shelf species. Our results suggest that most larvae that we observe on the shelf are advected from other areas rather than produced locally, and most likely will not successfully settle to the benthos. Seasonality and distribution of water masses were the most important parameters shaping meroplankton communities. We discuss the implications of changing oceanographic and climatic conditions on the potential of range extensions by temperate species into the Arctic Ocean.
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INTRODUCTION

The Chukchi Sea is one of two inflow regions of the Arctic, providing the only connection between the temperate Pacific region and high Arctic Ocean (Figure 1). Every year, 0.8–1.2 Sv of Pacific water enter the Arctic through the Bering Strait (Woodgate, 2018), bringing in large quantities of heat, freshwater, nutrients, as well as rich pelagic communities of phyto- and zooplankton along with their predators. Unlike the Fram Strait opening in the Atlantic, the Bering Strait is narrow and shallow. The broad and shallow (<50 m) Chukchi Sea shelf serves as an impediment to Pacific organisms being advected into the Arctic Ocean, because most of this advected biomass and local production will not travel past the shelf break (Kosobokova et al., 2011; Grebmeier and Maslowski, 2014).
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FIGURE 1. Major oceanographic features of the Chukchi Sea (modified from Stabeno et al., 2018) and locations of macrobenthic hotspots as defined by Grebmeier et al. (2015b).



Most of the flow entering the Chukchi Sea from the Pacific is dominated by a mixture of two currents: the Anadyr Current, originating on the Bering Sea slope and carrying cold, nutrient-rich oceanic water, and the Bering Shelf Current, which originates on the Bering Sea shelf and is warmer and lower in nutrients (Coachman and Aagaard, 1975). These two currents merge as they travel through the Bering Strait, forming Bering Sea-Anadyr Water, then split into three branches: one exiting north through Herald Canyon; one east of Hanna Shoal and through Barrow Canyon; and one through the Central Channel, which separates Herald Valley and Hanna Shoal (Weingartner et al., 2005; Figure 1). Due to uneven mixing of the two original currents, the western branch through Herald Valley is much richer in nutrients than the others, indicative of a higher contribution by Anadyr Water. Additionally, flowing adjacent to the Alaska coast is the highly seasonal, buoyancy-driven Alaska Coastal Current, which originates in the Gulf of Alaska, fed by river- and glacial discharge along its course, and carrying with it heat, freshwater and comparatively warmer-water organisms as far as the Beaufort Sea (Smoot and Hopcroft, 2017). Occasionally, winds carry this flow away from the coast, and during some years its signature has been observed covering the entire southern Chukchi Shelf (Pisareva et al., 2015b). Most of the water transport through the Bering Strait takes place in the summer months: during winter, the Chukchi and northern Bering Sea are completely covered by sea ice, the northward flow slows down or reverses (Woodgate et al., 2015), and the system “reverts” from an advection-dominated system to one resembling interior Arctic shelf seas (Williams and Carmack, 2015). Remnants of the cold, saline water mass that forms during ice formation remains near the sea floor on the northern Chukchi Shelf during summer as Winter Water (WW) (Weingartner et al., 2005), and is home to “resident” Chukchi Sea pelagic communities of organisms (Ershova et al., 2015a). A fourth water mass type, Siberian Coastal Water, is sometimes present in the western Chukchi Sea when the cold, buoyancy driven East-Siberian Coastal Current enters through Long Strait (Weingartner et al., 1999).

The persistent, high levels of advected and local pelagic primary production during the ice-free season on the Chukchi Shelf cannot be fully grazed by pelagic consumers, resulting in strong benthic-pelagic coupling, and very high benthic biomass in the region. In particular, the northern Bering Sea/Chukchi region is home to four benthic biomass “hotspots,” located in the pathway of the nutrient rich Anadyr water (Figure 1), characterized by a stable, exceptionally high (>20 g C m–2) biomass of macrobenthic organisms (Grebmeier et al., 2015b), which in turn provide a rich food source to a variety of higher trophic levels, such as walruses and diving sea birds. The area is also home to diverse and biomass-rich epibenthic communities (Bluhm et al., 2009; Blanchard et al., 2013).

Most benthic organisms reproduce by means of a pelagic larval stage (meroplankton), which may live in the plankton for hours to months, and allows them to disperse across wide areas. The ecological significance of planktonic larvae is two-fold: they are a dispersal stage for benthic organisms (Shanks, 2009), determining the potential of benthic species to colonize adjacent habitats, but they can also constitute a major portion of zooplankton communities in high latitude waters (Gluchowska et al., 2016), potentially competing for resources with holoplanktonic species, and serving as food source for planktonic predators (e.g., Allen, 2008; Short et al., 2013). An important biophysical process in benthic ecosystems is larval transport, which in advection-dominated systems can cause spatial decoupling between the production of local communities and settlement of juveniles. In Arctic regions highly influenced by northward flow, such as the Chukchi Sea, meroplanktonic larvae can serve as vectors of advection of sub-Arctic species into the Arctic. For sessile or slow-moving benthic species, larval transport is one of the only apparent mechanisms by which this expansion can occur (Renaud et al., 2015), which makes studies of larval communities within key inflow regions of utmost importance.

Despite being an important life stage of many key benthic species, and a seasonally significant contributor to zooplankton, meroplankton has been historically overlooked by benthic community ecologists, while plankton studies, at best, have grouped them into broad taxonomic categories. Studies on meroplankton are hampered by their temporally patchy occurrence in the plankton, as well as lack of morphological features (and/or taxonomic expertise) to assign them beyond phylum or class level. In large part due to extensive DNA barcoding efforts, such as done through the Census of Marine Life (McIntyre, 2010) and a growing richness of reference libraries (i.e., Barcode of Life Data Systems, BOLD1), it is becoming increasingly feasible to use barcoding instead of, or in addition to, morphology to describe biodiversity in marine ecosystems. Yet to date, there are only a few studies focusing on meroplankton at the species level, and even fewer from the high latitudes (i.e., Stanwell-Smith et al., 1999; Sewell, 2005; Fetzer and Arntz, 2008; Bowden et al., 2009; Heimeier et al., 2010; Sewell and Jury, 2011; Gallego et al., 2015; Silberberger et al., 2016; Brandner et al., 2017). The Pacific Arctic region is no exception; although both benthic (Grebmeier et al., 2006; Bluhm et al., 2009; Grebmeier, 2012; Iken et al., 2018) and pelagic (Hopcroft et al., 2010; Eisner et al., 2013; Ershova et al., 2015a; Pinchuk and Eisner, 2017) summer communities of the Chukchi Sea, particularly on the United States side, have been studied extensively and described in great detail during the last decades (Day et al., 2013; Sigler et al., 2017), meroplankton has been largely overlooked, with the exception of some studies focusing on specific groups (i.e., Landeira et al., 2017).

Presumably, the meroplanktonic communities in the Chukchi Sea consist of larvae both produced by the local benthic organisms, as well as advected with currents from other regions. In this study we examined the patterns in summer distribution of planktonic larvae in the Chukchi Sea region with reference to the distribution of their adult populations. To achieve previously intractable taxonomic resolution, one of the objectives of this study was to develop a time and cost-effective DNA barcoding protocol that would allow us to routinely resolve taxonomic diversity of larvae within the zooplankton and examine select taxonomic groups at or near the species level. We use these data to describe the diversity and distribution patterns of planktonic larvae on the Chukchi shelf during summer for five study years each with distinct oceanographic and thermal regimes, and with special focus on potential range expanders from the sub-Arctic. We aimed to identify the main driving factors that shape the meroplanktonic communities on the Chukchi sea shelf, anticipating that both local production and advection play important roles in the distribution and the fate of the larvae that we observe in this region.

MATERIALS AND METHODS

Zooplankton and Benthos Data

Data on meroplankton distribution were obtained from published (Hopcroft et al., 2010; Eisner et al., 2013; Ershova et al., 2015a) and unpublished zooplankton surveys, conducted during summer-fall of 2004, 2007, 2009, 2012, and 2015 (Table 1) in the Chukchi Sea. All studies used a 150 μm Bongo net (ring diameter 60 cm), which was hauled vertically from a few meters off the bottom to the surface with a wire speed of 0.5 m/s and General Oceanics Flowmeters attached at the mouth opening. For all surveys, meroplankton was counted quantitatively from formalin-preserved samples and identified to macrotaxa level (i.e., Bivalvia, Echinodermata, Polychaeta, etc.), with the exception of crab megalopa in 2012 and 2015 that were identified to species. Since crab larvae are good swimmers and can avoid nets (Porter et al., 2008), for this group we included data from selected stations collected with a semi-oblique 505 μm Bongo net, which is much better at capturing larger and faster swimming planktonic organisms. For the purposes of our study, we converted all zooplankton abundance values to ind m–2. For more details on zooplankton sample processing and enumeration, see Ershova et al. (2015a).

TABLE 1. List of data sources used in the study.
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Macrofaunal and megafaunal abundance and biomass estimates were obtained from benthic van Veen grab and beam trawl catches, respectively, taken concurrent to zooplankton collection during each expedition (Bluhm et al., 2009; Grebmeier et al., 2015a; Iken et al., 2018). Macrofauna samples were washed over 1 mm screen and bivalves were identified to species or family level, enumerated and weighed, with typically four replicates per station. Crabs and echinoderms were sorted from beam trawl catches (7 mm mesh, 4 mm in cod end), enumerated and weighed after identification in the field; taxonomic identification was later confirmed by taxonomic experts based on voucher material where needed. Densities of the burrowing anemone Cerianthus sp. were taken from a photographic survey (Sirenko and Gagaev, 2007), since this taxon rarely is captured with trawls or grabs. For each station, the abundances of benthic invertebrates in a given taxon were combined to match the taxonomic resolution of the meroplankton identification and averaged for each station over all sampling years. While some interannual/interdecadal trends in benthic biomass are recognized (Grebmeier et al., 2018), large-scale benthic communities biomass patterns in the Chukchi Sea have remained relatively stable on an inter-annual basis (Grebmeier et al., 2015a).

Water Mass Distribution and Thermal Characteristics

Bottom depth, and depth-stratified temperature and salinity measurements were obtained for each station (collected by a Seabird 911 + CTD, with all physical data binned into 1-m intervals during post-processing). For each station, we calculated surface (top 10 m) and bottom (10 m above the seafloor to bottom) temperature and salinity values.

The distribution and properties of the water masses, as well as the overall thermal characteristics and patterns in zooplankton communities in the Chukchi Sea during the expeditions are described in detail elsewhere for all years except 2015 (Pickart et al., 2010; Ershova et al., 2015a,b; Pisareva et al., 2015a,b). Surface- and bottom- water at each station was assigned to a water mass type based on temperature and salinity characteristics in accordance with methodology for previous years (Ershova et al., 2015b). Three major water masses dominated the region (Figure 2): Alaska Coastal Water (ACW), Bering-Sea Anadyr Water (BSAW), and WW, although the boundary between the first two was not always well defined and an intermediate water mass (ACW/BSAW) was assigned to stations with mixed properties. ACW was mostly found in the eastern Chukchi, although its signature was also observed away from the coast, especially in 2009, when this water mass was spread across the entire shelf as far north as Herald Canyon (Figure 2). BSAW was widespread across the shelf during all years, although it was pushed westward in 2009. WW was observed in the northern Chukchi during all years except 2007, when the more northern regions above 70°N were not sampled. The summers of 2004 and 2007 were the warmest of the study years, with an average surface temperature (SST) of 6–8°C over the sampled stations, and with surface waters as warm as 10–12°C present along the Alaska Coast and at the entrance of the Herald Canyon region. The years 2009 and 2012 were markedly colder, with the coldest SST observed in September 2012, averaging only 3.4°C, despite the all-time low ice-minimum extent observed during that year in most parts of the Arctic. In 2013–2014 the system shifted to warmer conditions again (Wood et al., 2015), and 2015 was also characterized by warmer than average conditions.
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FIGURE 2. Spatial distribution of sampled stations and schematicdistribution of water masses during each sampling period [figure for2004–2012 modified from Eisner et al. (2013), Ershova et al. (2015a, b), Pisareva et al. (2015a)]. Squares indicate stations where DNA barcoding of larvae was done. BSAW, Bering Sea Anadyr Water; ACW, Alaska Coastal Water; WW, Winter Water; SCW, Siberian Coastal Water.



DNA Barcoding

The diversity of bivalve and echinoderm larvae was investigated using DNA barcoding. These two groups were chosen because they were among the best represented both in the meroplankton and the benthic communities, as well as had the most complete reference libraries and were challenging to identify morphologically. While barnacle and polychaete larvae were also very common in the meroplankton, the former were presumably composed of only one or two species, limited in their adult distribution to rocky coastal regions, and the reference libraries for the latter are still among the poorest. The majority of the analyzed zooplankton samples had a second replicate preserved in 97% ethanol. For a total of 26 stations, we randomly selected 20–30 individuals of each bivalve and echinoderm larva from these ethanol-preserved samples. The stations were chosen based on overall abundance of the larvae, spatial coverage, and sample quality/availability. Each individual larva was soaked for ∼10 min in MilliQ water, then transferred using sterile tools into individual wells on a 96-well plate containing 25 μl Alkaline Lysis Buffer (ALB) on ice. Bivalves were crushed with the flat blade of a sterilized micro-scalpel prior to transfer. DNA extractions were conducted using the HotShot method (Truett et al., 2000); the plates containing larvae in ALB were incubated at 95°C for 30 min, then the plates were transferred onto ice and 25 μl of Tris–HCl was added to each well. This extraction method is very quick (30 min), inexpensive, and requires only two pipetting steps with no transfer of DNA, which ensures minimal loss of material. A total of 1030 larvae were processed in this way. Massive parallel barcoding of all extracts was achieved using a high-throughput sequencing strategy. A ∼313 base pair (bp) fragment from the 5′ region of the COI gene was amplified using a single-PCR protocol using tagged versions of the highly degenerated primer set Leray-XT (Wangensteen et al., 2018), containing forward primer mlCOIintF-XT 5′-GGWACWRGWTGRACWITITAYCCYCC-3′ and reverse primer jgHCO2198 5′-TAIACYTCIGGRTGICCRAARAAYCA-3′ (Geller et al., 2013). Sample tags of 8 bp were attached to both ends of the primers. Amplification was conducted used AmpliTaq Gold DNA polymerase, with 1 μl of each 5 μM forward and reverse tagged primers, 3 μg of bovine serum albumin and 2 μl of extracted DNA in a total volume of 20 μl per sample. The PCR protocol consisted of a denaturing step of 10 min at 95°C, 35 cycles of: 94°C for 1 min, 45°C for 1 min and 72°C for 1 min, and a final extension of 5 min at 72°C. To test the DNA quality, 80 samples, selected randomly, were sequenced using Sanger Sequencing. Sequencing reactions were performed on amplicons purified with ExoSap, using the BigDye Terminator v3.1 kit (Applied Biosystems). The sequencing products were analyzed on the ABI 3130 × l genetic analyzer (Applied Biosystems). The resulting sequences were assembled and aligned in BioEdit, the ends trimmed, and searched across both BLAST and BOLD (Barcode of Life) databases for identification. The remaining samples were purified using Minelute PCR purification columns2 and pooled (96 samples per library). Ten Illumina libraries were built from the DNA pools using the NextFlex PCR-free library preparation kit (Perkin-Elmer). This protocol incorporates Illumina adapters using a ligation procedure without any further PCR step, thus minimizing biases. The resulting libraries were equalized using qPCR then sequenced on an Illumina MiSeq using a V3 2 × 250 bp kit.

Bioinformatics

Metabarcoding sequences were analyzed following a similar pipeline as in Siegenthaler et al. (2019). Initial steps and quality control were based on OBITools (Boyer et al., 2016). Paired-end reads were aligned using illuminapairedend, and reads with alignment score >40 were retained. Demultiplexing and primer removal were achieved using ngsfilter with the default options. Sequences with length outside the 300–320 bp range and containing ambiguous bases were filtered out. Obiuniq was then used to dereplicate the reads and chimeric sequences were removed using the uchime_denovo algorithm implemented in VSearch (Rognes et al., 2016). We used Swarm 2.0 (Mahé et al., 2015) with a distance value of d = 13 (Wangensteen and Turon, 2017) to cluster unique sequences into OTUs. After removal of singletons, taxonomic pre-assignment of the representative sequences of every OTU was performed using ecotag (Boyer et al., 2016). Finally, taxonomic assignment of the most abundant OTU in each sample was checked by querying the sequences against the NCBI nucleotide database using BLAST and against the BOLD database (Ratnasingham and Hebert, 2007). All taxon names were standardized to the World Register of Marine Species (Costello et al., 2013).

Data Analysis

All mapping and analyses were performed in R, using the package vegan (Oksanen, 2013). Patterns in community structure were examined using non-metric multidimensional scaling (nMDS) of Bray-Curtis similarities between stations. Prior to analysis, abundance matrices of examined taxa (separate matrices for macrotaxa and barcoded bivalves and echinoderms) were log-transformed, and then standardized using a Wisconsin standardization. Only species/groups that contributed at least 5% of the abundances at any station were included. The resulting ordination was correlated to taxa abundances and physical characteristics using the envfit function to determine which species or groups, as well as oceanographic, spatial and temporal characteristics (surface and bottom temperature and salinity, bottom depth, latitude and latitude, day of year sampled) drove the separation of the communities. The significance (p) and goodness of fit (R2) of the correlated variables were determined via 999 permutations of the variables.

Non-parametric permutational multivariate analysis of variance (PERMANOVA) was applied to test community differences between pre-assigned water mass types (surface and bottom) and sampling years (function adonis). The Bray-Curtis similarity index was calculated for log-transformed abundances, similar to the previous analysis. Dispersion within groups was tested using the function betadisper; non-significant results of the test were assumed to meet the PERMANOVA assumption of equal dispersion. Pseudo-F, p and R2 values were calculated based on 999 permutations of the residuals. Significant differences between specific pairs (years and/or water masses) were determined using a permutational multivariate pairwise T-test with a Holm adjustment for the resulting p-values.

RESULTS

Overall Meroplankton Distribution

Meroplankton was observed at every sampled station and in highly variable numbers, with abundances ranging from <100 ind m–2 to over 500,000 ind m–2 (Figure 3), and composing 1–90% of total zooplankton abundance on some stations (12% on average). The highest numbers of planktonic larvae were observed in August 2004, when the average across all stations was 105,000 ± 330,000 (mean and SD) ind m–2 and the mean contribution to overall zooplankton abundance was >30%. The lowest abundances were observed in September 2012 (mean 5800 ± 11300 ind m–2, 5% of overall zooplankton). During most years, the highest numbers of larvae were observed at stations near the Alaskan Coast, or if away from the coast, in water influenced by the Alaska Coastal Current (2004 and 2009) (Figures 2, 3).
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FIGURE 3. Meroplankton abundance and composition in the Chukchi Sea during 2004, 2007, 2009, 2012, and 2015 (A) Total abundance of meroplankton; (B) relative contribution of different taxa of meroplankton. “Other” refers to Bryozoa and Gastropoda larvae.



The most abundant meroplankton taxa across all years and stations were barnacle (Cirripedia) and bivalve larvae (Figure 3 and Table 2). Barnacle larvae were particularly abundant in the central and northwestern Chukchi, and were most numerous during August 2004, when on average they composed almost 60,000 ind m–2, in distinct contrast to 2007, when they were practically absent. Bivalves were numerous during all years, especially 2007 and 2009, and were particularly dominant in the eastern Chukchi Sea (or in waters influenced by the Alaska Coastal Current, as in 2009). Larvae of echinoderms also composed a substantial percentage of the meroplankton in some areas: particularly near the Alaska coast in 2004 and 2015, as well as the Wrangel Island/Herald Canyon region during 2009 and 2012. Abundance of polychaete larvae was highest at stations in the northeast and northwest Chukchi, as well as south of Cape Lisburne in 2007, where at several stations they dominated absolute zooplankton abundance. Decapods (shrimp zoea and juveniles, crab and hermit crab zoea, and crab megalopa) were rare in the 150-μm vertical samples, but their abundance may have been underestimated due to net avoidance, as suggested by data from the 505-μm nets (see section on “Decapods” below). Larvae from other taxa (Cnidaria, Gastropoda, Bryozoa, and Nemertea) were also recorded, but generally occurred in extremely low abundances.

TABLE 2. Mean abundances (ind m–2) and percent contribution of each taxon to the total meroplankton abundance.
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Results of DNA Barcoding

Of 1005 DNA extracts, usable sequences were obtained for 932, or about 93%. The remaining samples either failed to produce a corresponding sequence match in the library (e.g., were identified only at the level of Eukaryota), or matched to organisms unrelated to those sampled (e.g., Homo sapiens, or Copepoda), presumably due to contamination or degradation of the target DNA, although we cannot exclude the possibility that some species are not amplified due to primer bias. The rate of success was about equal for bivalves and echinoderms. A list of 35 OTU’s was produced (Table 3); however, the number of “species” was lower, both due to more than one OTU often being assigned to the same species (different bins), as well as due to the frequent absence of reference species in the library, and consequent assignment to a higher ranking (family or order). A total of 7 OTU’s were produced for Echinodermata, and 28 for Bivalvia; 10 of the Bivalvia OTU’s were only found once.

TABLE 3. List of OTU’s identified using molecular barcoding.
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Species-Specific Distribution of Larvae and Adults

Bivalves

A hotspot of adult bivalve biomass (>20 g C m–2) was located in the southwestern Chukchi Sea, and was dominated both in biomass and abundance/density by Macoma calcarea (Figure 4). In other areas, bivalve biomass was substantially lower (generally < 10 g C m–2), and abundance was dominated by a variety of species from the families Nuculanidae, Thyasiridae, Yoldiidae and the superfamily Galeommatoidea (which includes the families Lasaeidae and Montacutinae) (Table 4). In contrast, the hotspot for larval abundance was consistently observed near the Alaska coast and in waters influenced by the Alaska Coastal Current (in 2009) (Figure 5). Within the northwest Chukchi, bivalve larvae were present in 2009, but were entirely absent in 2004 and 2012. Similarly, they were found at very few stations and in very low numbers in the northeast Chukchi in 2015.
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FIGURE 4. Distribution of (A) biomass and (B) abundance and taxonomic composition of adult bivalves in the Chukchi Sea. Symbols to the right of the legend indicate the presence of taxa in the Chukchi Sea as planktonic larvae, adults, or both.



TABLE 4. Most abundant adult bivalve species within the infauna of the Chukchi Sea.
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FIGURE 5. Distribution of larval bivalves (top row, overall abundance; bottom row, relative contribution by different bivalve taxa in the meroplankton).



A total of 28 larval OTUs were identified, of which three were classified biogeographically as boreal-Pacific, 14 as boreal-Arctic, and the rest of unknown affinity due to lack of taxonomic resolution. The majority of the sequenced larvae (90%) belonged to only 10 OTUs, of them two species that are presumed to be of North Pacific origin (Mytilus trossulus and Mactromeris polynyma). The taxonomic composition of the larvae was not at all reflective of the co-occurring adult bivalve communities, with only 2 of the 23 most common bivalve species represented in the larval communities. The most common taxa among the larvae was the coastal species Hiatella arctica, which was found at every station, and dominated most stations south of Cape Lisburne during all years. Adults of this species were numerous only at one coastal station near Alaska and, to a lesser extent, at one station near Wrangel Island. The 4 OTUs identified as Mya spp. (of them, 2 bins of Mya truncata) were the next most dominant group, also observed at nearly every station, and especially dominant around the Cape Lisburne area in 2007, 2012, and 2015. Larvae of the dominant bivalve species in the benthos, M. calcarea, were found in relatively large numbers in the Bering Strait region and in Herald Canyon in 2009, and in low numbers in ACW in 2012, but were notably absent in other areas and during all other years. Other fairly common larvae included an OTU belonging to the superfamily Galeommatoidea, an OTU identified as belonging to the family Mactridae, and M. trossulus. The rest of the taxa (18 OTUs) together composed no more than 10% of the larval bivalve abundance at any of the stations.

Echinoderms

The dominant echinoderms in the epibenthos across the southern Chukchi Sea were the sea stars Leptasterias spp. and Henricia sp. as well as the ophiuroid Stegophiura nodosa (Figure 6 and Table 5). The northwestern Chukchi communities (Herald Canyon area), in contrast, were dominated by the sea star Ctenodiscus crispatus and to a lesser extent the ophiuroid Ophiura sarsii, while the northeastern Chukchi Sea was heavily dominated by O. sarsii and, near the coast, by the sand dollar E. parma. Other species, such as the sea star Crossaster papposus and Lethasterias nanimensis, were locally dominant at some stations (Figure 6 and Table 5).
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FIGURE 6. Distribution and relative contribution to abundance of the most common adult echinoderms in the benthos of the Chukchi Sea.



TABLE 5. Most abundant echinoderm species within the benthos of the Chukchi Sea.
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The spatial distribution of the echinoderm larvae was variable among years, ranging from 0 to >100,000 ind. m–2 in different locations and during different years (Figure 7A). Similar to the bivalves, the highest abundances were also observed near the Alaska coast during all years, and especially in 2004 and 2015. Larvae were observed in the southwestern Chukchi in 2009, when this area was strongly influenced by ACW, but were absent in 2004 and 2012. Similarly, echinoderm larvae were common in the Herald Canyon region in September 2009 and 2012, but were entirely absent in 2004. It is noteworthy that with the exception of a narrow band along the coast, larvae were rare or absent in the northeastern Chukchi region in 2015.
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FIGURE 7. (A) Distribution and abundance (1000 ind m–2) of echinoderm larvae during the sampling years 2004, 2007, 2009, 2012, and 2015; numbers outside large symbols (>25) indicate values at these stations (B) Taxonomic composition of echinoderm larvae; colors indicate relative species abundances; Symbols to the right of the taxonomic legend indicate the presence of taxa in the Chukchi Sea as planktonic larvae, adults, or both, with red indicating boreal-Pacific species occasionally observed in the Southern Chukchi and blue indicating Arctic species not found in the Chukchi, but common in adjacent Arctic seas. * – presumed species, see Results section for details.



The vast majority of echinoderm larvae were ophioplutei (76%), which were matched to 5 different species of ophiuroids: O. sarsii, Ophiocten sericeum, and Ophiopholis aculeata, as well as two species from the families Amphiuridae and Ophiuridae that were absent in the reference databases. Of the remaining individuals, 21% were echinoplutei, all of which were identified as E. parma, and 3% were bipinnaria, all identified as L. nanimensis (Figure 7B). No sea cucumber larvae were observed. Larvae of the most widely distributed and abundant adult ophiuroid species within the benthos in this area, O. sarsii, were abundant in the western and northwestern Chukchi stations in 2009 and 2012, but were notably rare or absent in the eastern and northeastern Chukchi during all study years, despite this area being a major hotspot for adult abundance. Surprisingly, the western Herald Canyon region in 2009 and 2012 was dominated by larvae of O. sericeum, another common Arctic ophiuroid, although adults of this species were absent on the Chukchi shelf.

The larval echinoderm communities at southeastern stations during 2007, 2012, and 2015 were heavily dominated by an ophiuroid species identified as an Amphiuridae. The only member of this family commonly found in the Chukchi epibenthos is the Pacific species Amphiodia craterodmeta, which notably lacked a reference barcode in the BOLD database (Ratnasingham and Hebert, 2007). We assumed these larvae to most likely belong to this species; however, its adult distribution was limited to the southwestern Chukchi and did not overlap with the distribution of the larvae. One other ophiuroid larva (listed as Ophiuridae sp., brown color on Figure 7B) did not produce a species match, but was most similar (90%) to O. robusta. We deduced this species to be O. maculata, an uncommon sibling Pacific species (that also lacks a barcode in BOLD) that is the only other member of the genus Ophiura ever observed in the region. Larvae of this species were present at most stations in the southern Chukchi Sea during all years, and were the dominant meroplankton species in the Bering Strait in 2009 (abundance approaching 14,000 ind/m2), with declining numbers toward the north. O. aculeata was the least common of the ophiuroid larvae, although found in low quantities at most stations near the Bering Strait and near the Point Hope/Cape Lisburne area. Adults of this species were also relatively uncommon and restricted to just a few locations characterized by the presence of harder substrate preferred by this species as occur near Point Hope/Cape Lisburne, in the northeast Chukchi, and in Herald Canyon. Of the common ophiuroid species found in the benthos, we did not observe larvae of three: S. nodosa, Ophiacantha bidentata, and Gorgonocephalus sp. Of these, the latter two ophiuroids are believed to reproduce via external brooding or benthic/demersal larvae, which would not have been captured by our sampling (Carmack and Wassmann, 2006; Shanks, 2001).

Notably, the larva of only one sea star (L. nanimensis, a boreal-Pacific species) was observed within the plankton, despite many species of sea stars being commonly present in the benthic communities. In the meroplankton, L. nanimensis larvae were common just south of the Bering Strait and found in low numbers at all stations around and just south of the Cape Lisburne area; notably, the adults of this species were highly abundant just south of that cape. The stations with extremely high abundances of echinoplutei, all belonging to E. parma, were located near the northeast Alaska coast, coincident with the location of high adult abundance. Both larvae and adults of this species were also found in lower numbers elsewhere, generally overlapping in their distributions. It is noteworthy that we observed no larvae of the other sea urchin present in the Chukchi Sea, Strongylocentrotus pallidus, although not entirely surprising due to the timing of our sampling (Falk-Petersen and Lonning, 1983).

Decapoda

Observed decapod larvae included shrimp zoea stages of the families Hippolytidae and Pandalidae (not shown), zoea and megalopa larvae of the anomuran crab family Paguridae and zoea and megalopa stages of three brachyuran crab species: the snow crab, Chionoecetes opilio, the Arctic lyre crab, Hyas coarctatus and the helmet crab, Telmessus cheiragonus (Figure 8). Among the adult crabs, C. opilio was the most common, with adults present at nearly every sampled location. The megalopae of this species, on the other hand, were only observed in the eastern Chukchi Sea and at stations influenced by the Alaska Coastal Current. Both adults and megalopae of H. coarctatus were found throughout the Chukchi Sea, although maximum densities of larvae were observed in the area where adults were relatively scarce (northwestern Chukchi region). T. cheiragonus adults were only observed on two stations near the Alaska Coast in extremely low numbers; larvae, on the other hand, were common at stations along the coast, with abundances occasionally exceeding 50 ind m–2.
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FIGURE 8. Distribution and abundance of (A) crab and hermit crab juveniles and adults, and (B) crab and hermit crab megalopa during 2012 and 2015 based on Bongo 505 μm collections.



Cnidaria

Actinulae of burrowing anemones (Ceriantharia) were observed exclusively in the western Herald Canyon region in 2009 and 2012 in abundances up to 1000 ind m–2, as well as, in lower numbers near the Siberian coast at stations containing Chukchi WW (Figure 9). We did not observe these larvae in any other area during any of the years. Estimates of adult abundances are difficult to obtain for this organism, but video surveys of the area only observed adults at the same, or nearby, stations as we observed the larvae, in aggregations with densities of up to 3–4 specimens m–2 (Sirenko and Gagaev, 2007).
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FIGURE 9. Distribution of Ceriantharia actinulae (not observed during all other study years).


Assemblages and Environmental Drivers

Non-metric multidimensional scaling of log-transformed abundance of meroplankton groups (macrotaxon level) showed a moderate separation of meroplankton communities (2D stress = 0.17), mainly driven by bivalve, barnacle, and polychaete larvae, with bivalves and barnacles driving separation along the first axis, and polychaetes and decapods driving the separation along the second axis (Figure 10A). The ordination was moderately correlated to spatial (Longitude, R2 = 0.37) and temporal (Sampling Day, R2 = 0.26) gradients, as well as sampling year (R2 = 0.39) and water mass characteristics (bottom temperature and combined water mass type) (R2 = 0.27 and 0.21, respectively), although significant overlap between categories was observed. The centroids for ACW coincided with the maximum bivalve abundances, with a decreasing contribution of bivalve larvae in BSW water, while the centroids for WW and SCW were located near stations containing maximum contribution of polychaete, echinoderm and Ceriantharia larvae. PERMANOVA showed significant differences in meroplankton community abundance between all sampling years and most water mass types (Supplementary Table 1a), as well as the interaction between them; together they accounted for 57% variability. The most pronounced differences of larval assemblages between water masses were between BSW and WW, BSW and ACW, and WW and ACW (Supplementary Table 1b).
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FIGURE 10. nMDS ordination of log-transformed abundance of meroplankton groups with (A) relative contribution of taxa at each station; and (B) water mass types at each station (symbols represent year sampled; outer color represents bottom water mass; inner color – surface water); (C) nMDS ordination of log-transformed abundance of bivalve and echinoderm species at stations where barcoding was done; symbols represent year sampled; outer color represents bottom water mass; inner color – surface water; On all plots, vectors indicate significant (p < 0.05) correlations of taxa abundances (gray arrows)/physical parameters (red arrows) to the ordination, with length reflecting R2, and text labels the centroids for each respective Year and Water Mass. T.btm, bottom temperature; S.btm, bottom salinity; T. surf, surface temperature; S.surf, surface salinity; Lat, latitude; Long, longitude; Day.of.yr, day of year sampled; Depth, bottom depth. Water masses are listed as Bottom Water Mass/Surface Water mass: BSAW, Bering Sea Anadyr Water; ACW, Alaska Coastal Water; BSAW.ACW, Bering Sea Anadyr/Alaska Coastal Water (mix or uncertain); WW, Winter water; SCW, Siberian Coastal Water.



Non-metric multidimensional scaling analysis of bivalve and echinoderm assemblages at stations where molecular identification was done (26 stations) produced a much clearer separation (2D stress = 0.12), as well as much stronger correlations to geography (Lat, Long; R2 = 0.44 and 0.42) and oceanographic parameters [surface and bottom temperature (R2 = 0.53 and 0.29), surface and bottom salinity (R2 = 0.26 and 0.41), as well as surface water mass type (R2 = 0.49)] (Figure 10B). There was no separation by sampling years or by date sampled. The ACW influenced stations were characterized by significantly higher contribution of the bivalves Mya sp. and family Mactridae as well as echinoderms Amphiuridae and E. parma (Figure 10C). The three western Herald Canyon stations (2009 and 2012) were highly dissimilar to the rest, driven mainly by the presence of O. sericeum and O. sarsii. PERMANOVA showed significant differences in community structure between water mass types, but not sampling years, with surface and bottom water mass type together accounting for 47% of observed variability, most of it explained by surface water mass type (Supplementary Table 2a). Pairwise-comparisons showed differences in larval communities to be significant between surface ACW and BSW, ACW and MW, and BSW/ACW and MW, as well as bottom BSW and WW (Supplementary Table 2b).

DISCUSSION

Advances and Challenges of Studying Meroplankton Using Molecular Methods

Benthic species within the same phylum, or even within a family or genus, can differ significantly in their ecology and distribution patterns, both at the larval and adult stages. Our study highlights the importance of approaching meroplankton at the species level, since both spatial and temporal patterns are obscured when larvae are grouped into broad categories. Species-specific morphological features are limited in early life stages, and morphological identification to higher taxonomic ranks in our study was only possible for crabs. Our study is among the first for Arctic meroplankton to supplement the morphological identification of meroplankton with molecular barcoding to better resolve taxonomic diversity of larvae. Our lab protocol resulted in a much higher success rate (>90%) than in previous attempts, where it did not exceed 20–50% (e.g., Webb et al., 2006; Heimeier et al., 2010; Brandner et al., 2017), and we hope that our effective, simple identification protocol will pave the way for future biodiversity studies of meroplankton.

Yet, limitations of our approach remain, such as the requirement to process larvae individually, restricting the scope of any even broader-scale ecological study. A metabarcoding assay of bulk DNA extracted from whole plankton samples could circumvent this limitation, but uncertainties in the quantitative relation between sequencing read abundances and biomass per species have to be clarified before the results of such approach can be compared to previous morphological surveys. Furthermore, a current constraint of molecular identification is the gaps in the reference libraries, making a match to species level in many cases impossible. Despite significant contributions by the Census of Marine Life, Polar Barcode of Life and other efforts (Hardy et al., 2011), of the approximately 112 echinoderm and bivalve species found in the region (Sirenko and Vassilenko, 2009), barcodes are currently only available for 40 (or 35%). The numbers are even smaller for polychaetes and other less studied groups, with gaps including many abundant and ecologically significant species. We strongly encourage the scientific community to continue adding additional species to the Barcode of Life Database so as to improve the identification success of larvae (and other samples of interest) in future studies.

Diversity and Distribution Patterns of Meroplankton

The summer-fall meroplanktonic communities within the Chukchi Sea were characterized by overall low diversity, yet comparable to other high latitude regions in the northern hemisphere (e.g., Fetzer and Arntz, 2008; Silberberger et al., 2016; Michelsen et al., 2017), although undoubtedly the species list would grow substantially if other groups (e.g., polychaetes) were also barcoded. Additionally, our estimates of both abundance and diversity might be underestimated due to the mesh size used and many larvae being smaller than 150 μm and would be better sampled with finer-mesh nets. Furthermore, we may underestimate larval diversity due to many larval types occurring just above the bottom, as our samples were collected 3–5 m off the seafloor. The low diversity observed in our study and other parts of the Arctic (30–50 taxa) is in contrast with Antarctic regions, where the number of distinct taxa among the larvae is often estimated to be in the hundreds (Stanwell-Smith et al., 1999; Bowden et al., 2009). The difference in species richness between our study and the Antarctic studies mentioned above could represent a real natural pattern but could also be due to a more complete seasonal coverage in those studies and/or smaller mesh sizes capturing a wider size range of larvae.

Meroplankton abundance within summer-fall zooplankton communities in the Chukchi Sea ranged over four orders of magnitude (from <100 ind m–2 to over 500,000 ind m–2), and was characterized by extremely large spatial and inter-annual variability, although we recognize the challenge of comparing inter-annual data with such different spatial coverage. The high variability between locations and sampling years is a consequence of the inherently patchy distribution of larvae in time and space, due to the limited larval duration and episodic reproduction events in many benthic organisms (Shanks, 2009). For example, the exceptionally high abundance of barnacle larvae observed in 2004 was likely due to the earlier timing of the sampling by 3–4 weeks that year compared to other years, as in other Arctic regions, peak abundances of barnacle larvae have been recorded early in the summer (Brandner et al., 2017; Michelsen et al., 2017). A study on decapod larvae in the Chukchi Sea spanning two consecutive years similarly found abundances to differ over several orders of magnitude, which the authors explain by the slightly different timing of the cruises (Landeira et al., 2017). Although significant differences in larval assemblages were observed between years at the macrotaxa level, we did not observe any temporal trends over the examined time span of changes in abundances or composition, with each year being distinct in larval composition from the others. Yet, even with the high levels of variability there were persistent trends in larval distribution, mostly associated with water mass distribution, and especially when communities were examined at the species level. ACW was the “hotspot” for larval abundance and diversity during most years, characterized by a community composed mainly of bivalve and echinoderm larvae of coastal and North Pacific origin. In contrast, Bering Sea Anadyr Water was dominated by barnacle larvae, and generally carried lower quantities of meroplankton (with the exception of 2004). Similarly, distinct meroplankton groups, containing a higher contribution of decapod and polychaete larvae, were similarly observed in the northeast (Herald Canyon) and northwest Chukchi at stations containing WW. Future climate related changes in the relative transport and characteristics of these water masses into the Chukchi will also affect the composition of the larval communities carried within them.

It is noteworthy how few of the dominant benthic species, many of which presumably reproduce via pelagic larvae, we observed in the meroplankton. One possible explanation is that the reproductive window for these species falls outside of our sampling periods, all of which were during late summer-fall. Long-term sediment trap data from the northeastern Chukchi Sea, however, showed meroplankton abundance (mostly represented by polychaetes and barnacles) to peak around September, coinciding with our sampling periods (Lelande et al., in review). However, in other regions of the Arctic, the main meroplankton peaks often occur during or shortly after the spring bloom (Kuklinski et al., 2013; Stübner et al., 2016). A recent seasonal study in a Svalbard fjord observed two major abundance peaks for most meroplankton groups, with the first one occurring early in the spring, and the second in the summer-fall (Stübner et al., 2016), which could indicate different timing of reproduction for different species within the same phylum. The spawning of the sea urchin S. pallidus, for example, in the northeast Atlantic occurs in early spring (Falk-Petersen and Lonning, 1983), which likely explains the absence of the larvae of this species in our samples. Another explanation is that the planktonic larvae are too short-lived or do not rise up sufficiently from the seafloor to even be captured with nets, or do not reproduce via a planktonic larva altogether. Thorson’s Rule (Thorson, 1950; Mileikovsky, 1971) predicted a decline in the incidence of pelagic development with latitude, although these studies did not take into account organisms with planktonic lecitotrophy, and this rule has been partially disputed by newer evidence (Stanwell-Smith et al., 1999; Marshall et al., 2012; Landeira et al., 2017). However, as an example in support of the absence of pelagic larvae, recent live observations have suggested that S. nodosa may have brooding development (Lauren Sutton, University of Alaska Fairbanks, pers. obs.), rather than a typical pluteus larva, and the fact that we never observed larvae of this very common ophiuroid in any of our samples supports this observation. Within the bivalves, three of the most common families found in the Chukchi (Nuculanidae, Nuculidae, and Yoldiidae) belong to the subclass Protobranchia, which reproduce via a lecitotrophic pericalymma larva, rather than the typical bivalve veliger. These larvae are short-lived (hours to days) and stay near the bottom, which likely explains why we did not observe them in our net samples. The species that we did consistently observe in the meroplankton across the study area during most study years are likely characterized by an extended period of reproduction, or multiple overlapping spawning periods, as well as long larval duration. Larvae of H. arctica, M. calcarea, and Mya spp., as well as Cerianthus sp., were observed over periods of 5–8 months during the course of a year in other high latitude regions (Von Oertzen, 1972; Couwelaar, 2003; Brandner et al., 2017).

Inversely, for some species that we observed in the meroplankton no data were available on the distribution of adult forms. For example, the deep-dwelling clam families Myidae and Mactridae, both of which were among the most numerous bivalves in the meroplankton, cannot be adequately sampled by van Veen grab (Jay et al., 2014), so no estimates of distribution and abundance of these groups exist for the Chukchi Sea other than from the stomach contents of marine mammals. In the Bering Sea, Mya spp. and Mactromeris (=Spisula) polynyma (the only member of the family Mactridae in the Pacific sub-Arctic) are among the dominant prey items for walruses (Sheffield and Grebmeier, 2009; Jay et al., 2014) and bearded seals (Frost and Lowry, 1980), and M. polynyma is harvested by native communities in northwest Alaska (Magdanz et al., 2007). Walruses within the Chukchi Sea, however, mostly feed on other organisms (Sheffield and Grebmeier, 2009), suggesting that these clams are less common as adults in the benthos in this area. Similar to marine mammal diet analysis, the distribution of larvae of these groups may indirectly provide important insight on the distributions of adults within the benthos, although possible advection of larvae needs to be accounted for.

Comparison of Patterns of Larval and Adult Invertebrates

One striking, if not entirely surprising, result of our study was the distinct spatial mismatch between most adult benthic populations and their larval stages. Notable exceptions to this were organisms such as Cerianthus sp. and the sand dollar E. parma, whose larvae were only found close to the adult populations, suggesting either recent spawning from this local population as a source or larval retention by means of local oceanographic features and/or larval behavior. Larval behavior (e.g., vertical migration, response to turbulence, or chemical signals) coupled with local hydrodynamics can sometimes result in much shorter dispersal distances than predicted by larval duration solely, favoring retention of propagules closer to their spawning grounds (Shanks, 2009; Gaylord et al., 2013). Consistent with our observations of high densities of larvae near adult populations, it has been documented that E. parma larvae react to chemical cues produced by adults, which contributes to the dense aggregations of this species in the benthos (Pearce and Scheibling, 1990). It is also noteworthy that no significant sand dollar populations are present upstream from these locations.

However, most other larval types that we observed were presumed to be far from their points of origin. Most significantly, the meroplanktonic communities were heavily dominated by coastal forms (together Cirripedia and H. arctica composed on average >75% of meroplankton abundance). Therefore, the absence of these taxa on the Chukchi Sea shelf is most likely due to a lack of suitable substrate rather than larval supply. This is supported by the observations of dense patches of newly settled recruits of H. arctica covering moorings – an artificial hard substrate – in the south-central Chukchi Sea (K. Iken, pers. obs.). The high density of larvae of these hard-bottom coastal organisms that we observed across the studied area during all years reflects their life strategy: high fecundity, extended periods of reproduction, and long larval durations (Grantham et al., 2015), which is likely what makes them so common and successful in nearshore environments across all Arctic- and sub-Arctic seas.

Some of the other more common larvae presumably belonged to Pacific expatriates, such as the ophiuroids A. craterodmeta and O. maculata, and the crab T. cheiragonus, adults of which are rarely observed outside of the southern Chukchi Sea (Smirnov, 1994; Sirenko and Gagaev, 2007), although a large density of this species has been observed in kelp habitats in Peard Bay (Iken et al., personal observation). On the contrary, the Arctic ophiuroid O. sericeum is practically absent on the Chukchi shelf, but very numerous in the adjacent Beaufort and East-Siberian seas. The numerous larvae of this species that we observed in Herald Canyon is likely a consequence of local circulation patterns, which occasionally carry water from the East Siberian Sea into this region (Pisareva et al., 2015b). Therefore, its scarcity in the benthos in that region is not a consequence of lack of larval supply, but may be related to competition with O. sarsii or other dominant epibenthic species (Ravelo et al., 2017). While larval forms of some of the most abundant benthic species were numerous in the plankton (i.e., M. calcarea or O. sarsii), they were generally observed outside of the areas with the highest adult abundances.

A mismatch between adult and larval distribution is not surprising given the dispersive nature of the pelagic larval stage. Larval dispersal distance can be highly variable across taxa, dictated in large part by the time a larva spends in the water column prior to settling, ranging from a few minutes to several months (Shanks, 2009). Data on size distributions and developmental stages of larval populations could predict how recently these larvae were produced. Unfortunately, pelagic larval duration and dispersal distance are known only for a handful of species, and closely related species often show disparate dispersal strategies (Levin and Bridges, 1995), so it is difficult to predict duration without empirical evidence. Temperature also affects pelagic larval duration so that larvae in cold waters spend more time in the water column prior to settling and consequently can disperse much greater distances (O’Connor et al., 2007). This has major implications for the Chukchi and other Arctic seas where larvae could, in theory, disperse over longer distances than their boreal compatriots. Conversely, the recent warming seawater temperatures may result in larvae spending less time in the warming surface water and settling more quickly to benthos, and Arctic species settling farther to the south than dictated by their life history strategy.

Fate of Meroplankton in the Chukchi Sea

The Chukchi Sea is a special environment within the Arctic in that at least during summer, it represents a direct extension of the Bering Sea and North Pacific. This Pacific connection is unique compared with the rest of the Arctic shelf seas that are either influenced by Atlantic inflow (i.e., Barents/Kara Seas), and/or are governed by local processes (i.e., interior shelves) (Williams and Carmack, 2015). As a result, the Chukchi Sea is characterized by unique pelagic communities, heavily dominated by Pacific expatriates. Even the species that are shared with adjacent Arctic seas may represent distinct populations of Pacific origin within the Chukchi Sea (Nelson et al., 2009; Ershova et al., 2015b). For holozooplankton, Pacific zooplankton species are occasionally observed in the surface waters of the deep Arctic Basin, but they never compose a significant part of the communities in contrast to Atlantic expatriates, such as C. finmarchicus (Kosobokova et al., 2011). Thus, the Chukchi Sea serves as a chokepoint for these species invading the Arctic. As with holoplanktonic expatriates, some meroplanktonic larvae get transported from the Chukchi Sea to the basins (Smoot and Hopcroft, 2017), but only eurybathic species would be able to settle at depths beyond the shelf break. Among the meroplankton taxa identified to species level, we did not detect deep-water species from the North Pacific. The long residence time on the Bering and Chukchi shelves likely inhibits the propagation of larvae of deep-water benthic species from the North Pacific to the Arctic Ocean, while larvae of most deep-water species likely never reach surface waters necessary to carry them northward in the first place.

In contrast to holozooplankton that permanently associate with hydrography (Pisareva et al., 2015a), meroplankton recruit to the seafloor and need to encounter conditions matching their habitat preference. We document the arrival of high densities of larvae of hard bottom species such the bivalve H. arctica and barnacles, but the predominantly fine sediment type (mud and silt), characteristic of the Chukchi Shelf (Feder et al., 1994; Grebmeier et al., 2015a), seems to largely preclude the settlement of such species. Since most of the sampling within our study has been conducted far off shore, we are limited in the knowledge of the distribution of the adults and larvae of these species in coastal domain of the study region. However, offshore the potential for successful range expansions through the Bering Strait is essentially limited to soft-bottom shelf species, such as many crabs, polychaetes, ophiuroids or bivalves. Larvae of species with potential of range expansion that we have already observed in our study include the North Pacific echinoderms L. nanimensis, O. maculata, and A. craterodmeta, the bivalves S. polynyma and M. trossulus and the crab T. cheraigonus. In support of this trend, adults of M. trossulus have been observed in the Northeastern Chukchi Sea in the late 1990s, whereas historically they had been absent in this area (Feder et al., 2003). The remainder of the advected larvae that fail to eventually settle to the benthos, play the same ecological role of advected holoplanktonic expatriates that cannot complete their life cycle in the Arctic, and instead become prey for planktonic predators or a sink to the benthos as detritus (Carmack and Wassmann, 2006).

CONCLUSION

The distinct mismatch between larval and adult benthic communities within the Chukchi Sea suggests that advection is the main factor driving larval distribution in this region. Our results suggest the vast majority of the larvae in terms of their abundance that we observe on the Chukchi Sea shelf during summer months are advected “visitors” from neighboring regions: from the North Pacific through the Bering Strait, from adjacent Arctic seas, and most significantly, from hard bottom coastal areas. The absence or rarity of adult forms of these advected species on the Chukchi Shelf is an indication that the vast majority of their larvae will not settle successfully and will become a food source for pelagic predators or a carbon sink to the benthos.
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Common species Average abundance (ind 1000 m~2) Max. abundance Barcode available Larvae observed

Asteroidea
Asterias amurensis 278.0 2523.0 Yes No
Crossaster papposus 241.4 4284.6 Yes No
Ctenodiscus crispatus 13563.0 11882.2 Yes No
Henricia sp. 530.0 9475.2 Yes No
Leptasterias sp. 3718.6 55060.2 Yes No
Lethasterias nanimensis 200.4 4647.7 Yes Yes
Pteraster sp. 55.4 1085.3 Yes No
Ophiuroidea
Amphiodia craterodmeta 49.4 856.8 No Yes*
Gorgonocephalus sp. 116.7 950.0 Yes No
Ophiacantha bidentata 323.3 4174.3 Yes No
Ophiocten sericeum 639.7 10601.8 Yes Yes
Ophiura sarsii 14062.5 911659.5 Yes Yes
Stegophiura nodosa 870.9 13847.2 Yes No
Echinoidea
Echinarachnius parma 4967.5 59780.2 Yes Yes
Strongylocentrotus pallidus 99.6 445.7 Yes No

*, presumed, see section “Results.”
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Bivalve family Common species Average abundance (ind 1000 m=2) Max. abund. Barcode available Larvae observed

Astartidae Astarte montagui 3.3 8525 Yes No
Astartidae 3.9 375 = No
suprfm. Galeommatoidea Montacutinae 30.6 197.5 = *
Kurtiella tumida (Lasaeidae) 3.3 40.0 No *
Kurtiella bidentata (Lasaeidae) 20.0 301.3 Yes %
Mysella sp. (Lasaeidae) 9.2 240.0 Yes *
Hiatellidae Hiatella arctica 5.2 135.0 Yes Yes
Tellinidae Macoma calcarea 1218 1994.2 Yes Yes
Macoma moesta 14.4 136.7 Yes No
Macoma sp. 10.4 525 Yes *
Nuculanidae* Nuculana radiata 37.9 380.0 Yes No
Nuculana pernula 70.8 680.0 Yes No
Nuculana sp. 3.0 75.0 - No
Nuculidae* Nucula nucleus 3.8 87.5 Yes No
Thyasiridae Thyasira flexuosa 7.0 182.5 Yes No
Axinopsida sp. 2.4 60.0 Yes No
Thyasiridae 39.0 132.5 = No
Yoldiidae* Yoldia hyperborea 37.7 642.5 Yes No
Others Cyclocardia crebricostata (Carditidae) 1.0 25.0 No No
Pododesmus macrochisma (Anomiidae) 1.9 50.0 No No
Musculus glacialis (Mytilidae) 21 55.0 No No
Musculus discors (Mytilidae) 0.9 225 Yes No
Diplodonta sp. (Ungulinidae) 3.8 100.0 No No
Nutricola tantilla (Veneridae) 0.8 20.0 Yes *

*, indicates unknown larval presence due to absence of reference barcodes.
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Phylum OTU (closest match)

Bivalvia Cardidae sp. (1)
Cardiidae sp. (2)

Cardiidae sp. (3)

Chlamys behringiana (Pectinidae)
Cillatocardium cilfatum (Cardidae)
Galeommatoidea sp.

Hiatella arctica (1) (Hiatelidae)
Hiatella arctica (2) (Hiatelidae)
Hiatelidae sp. (1)

Hiatellidae sp. (2)

Limecola balthica (Tellinidae)
Macoma calcarea (Telinidae)
Macoma sp. (1) (Tellinidae)
Macoma sp. (2) (Telinidae)

Mya sp. (1) (Myidae)

Mya sp. (2) (Myidae)

Mya truncata (1) (Myidae)

Mya truncata (2) (Myidae)

Mya uzenensis (Myidae)

Myoida sp.

Mytilus trossulus (Mytiidae)
Pholadidae sp.

Serripes leperousii (Cardidae)
Spisula sp., presumed Mactromeris
polynyma (Mactridae)

Tellinidae sp.

Venerida sp.

Zirtaea pilsbry (Pholadidae)

Amphiuridae sp. (Ophiuroidea)
(presumed Amphiodia craterodmeta)

Echinarachnius parma (Echinoidea)
Lethasterias nanimensis (Asteroidea)

Echinodermata

Ophiocten sericeum (Ophiuroidea)
Ophiopholis aculeata (Ophiuroidea)
Ophiura sarsi (Ophiuroidea)
Ophiuridae (nearest match Ophiura
robusta, 90% similarity, presumed
Ophiura maculata)

Failed sequences No match
Wrong taxa
TOTAL

Biogeography

Widespread Pacific Boreal-Arctic
Widespread circumpolar Boreal-Arctic
Coastal, Subtropical-Arctic
Coastal, Subtropical-Arctic

Widespread Atlantic boreal-Arctic
Widespread Boreal-Arctic
Boreal-Arctic*
Boreal-Arctic*
Boreal-Arctic*
Boreal-Arctic*

Coastal, widespread boreal-Arctic
Coastal, widespread boreal-Arctic
Boreal-Pacific

Widespread Boreal-Pacific
Widespread Boreal-Pacific
Widespread Boreal-Pacific

Widespread Boreal-Pacific
Widespread Boreal-Pacific

Widespread Pacific West Atlantic Boreal

Widespread Boreal-Pacific
Atlantic high boreal-Arctic circumpolar
Amphiboreal
Widespread Arctic circumpolar
Widespread Boreal-Pacific

Source % similarity # of specimens

94 1
95 1
94 2
Sirenko, 2009 100 1
Sirenko, 2009 100 1
84 65
Sirenko, 2009 100 234
Sirenko, 2009 100 36
87 1
90 1
Vaingld, 2008 100 1
Kedra et al., 2010 100 57
96 1
90 4
a3 22
94 21
Sirenko, 2009 100 16
Sirenko, 2009 100 13
100 1
rid 4
Sirenko, 2009 100 9
89 2
Sirenko, 2009 100 4
Sirenko and Vassilenko, 2009 99 29
90 3
87 4
Sirenko and Vassilenko, 2009 100 ;|
Smirnov, 1994 84 102
Smirov, 1994 100 82
Smirmov, 1994 100 1
Smirmov, 1994 100 48
Smirnov, 1994 100 7
Smimov, 1994 100 94
Smirnov, 1994 90 43
NA 49
NA 32
1006

Similarity s the identity percent of the representative sequence of the OTU with the reference sequence. *Indicates taxa that comprise more than one species, so cannot

confirm the biogeographic distribution.
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Taxon 2004 2007 2009 2012 2015

Mean abund. % Mean abund. % Mean abund. % Mean abund. % Mean abund. %
Bivalvia 6344 6 8287 81 10697 46 2418 41 5316 24
Cirripedia 59748 56 363 4 5859 25 2055 35 5349 24
Decapoda 44 0 0 0 38 0 44 1 115 1
Echinodermata 35551 34 108 1 2414 10 1128 19 4853 22
Bryozoa + + + + + + + + 1253 6
Polychaeta 4249 4 1405 14 4042 17 209 4 4145 19
Cnidaria 0 0 0 0 59 0 21 0 0 0
Gastropoda 0 0 23 0 270 1 19 0 1020 5
TOTAL 105936 10186 23379 5889 22051
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Dates

8 August-10 September

8 August-24 August

1 September-30 September
1 September-15 September
4 September-17 September

Year

2015
2004
2009
2012
2007

Area

SE/NE Chukchi Sea
S/W Chukchi Sea
S/W Chukchi Sea
S/W Chukchi Sea
SE Chukchi Sea

Type of data included

Meroplankton, Epifauna, Oceanography
Meroplankton, Epifauna, Infauna, Oceanography
Meroplankton, Epifauna, Infauna, Oceanography
Meroplankton, Epifauna, Infauna, Oceanography
Meroplankton, Epifauna, Oceanography
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