

[image: image1]
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Recently, there has been a resurgent interest in the exploration of deep-sea mineral deposits, particularly polymetallic nodules in the Clarion-Clipperton Zone (CCZ), central Pacific. Accurate environmental impact assessment is critical to the effective management of a new industry and depends on a sound understanding of species taxonomy, biogeography, and connectivity across a range of scales. Connectivity is a particularly important parameter in determining ecosystem resilience, as it helps to define the ability of a system to recover post-impact. Scavenging amphipods in the superfamilies Alicelloidea Lowry and De Broyer, 2008 and Lysianassoidea Dana, 1849 contribute to a unique and abundant scavenging community in abyssal ecosystems. They are relatively easy to sample and in recent years have become the target of several molecular and taxonomic studies, but are poorly studied in the CCZ. Here, a molecular approach is used to identify and delimit species, and to investigate evolutionary relationships of scavenging amphipods from both abyssal plain and deep (>3000 m) seamount habitats in three APEIs (Areas of Particular Environmental Interest, i.e., designated conservation areas) in the western CCZ. A total of 17 different morphospecies of scavenging amphipods were identified, which include at least 30 genetic species delimited by a fragment of the cytochrome c oxidase subunit I (COI) barcode gene. The scavenging communities sampled in the western CCZ included the most common species (Abyssorchomene gerulicorbis (Shulenberger and Barnard, 1976), A. chevreuxi (Stebbing, 1906), Paralicella caperesca Shulenberger and Barnard, 1976, and P. tenuipes Chevreux, 1908) reported for other ocean basins. Only four morphospecies, representing five genetic species, were shared between APEIs 1, 4, and 7. The two abyssal plain sites at APEIs 4 and 7 were dominated by two and three of the most common scavenging species, respectively, while the APEI 1 seamount site was dominated by two species potentially new to science that appeared to be endemic to the site. The presence of common species in all sites and high genetic diversity, yet little geographic structuring, indicate connectivity over evolutionary time scales between the areas, which span about 1500 km. Similar to recent studies, the differences in amphipod assemblages found between the seamount and abyssal sites suggest that ecological conditions on seamounts generate distinct community compositions.
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INTRODUCTION

For decades, it has been known that large deposits of metals such as nickel, iron, copper, cobalt, and manganese, in the form of polymetallic nodules exist in the abyssal deep sea (Mewes et al., 2014). However, with an increasing demand for these metals to fuel high-technology industry, deep-sea mining is now being more actively considered (Hein et al., 2020). The Clarion-Clipperton Zone (CCZ), located in the central Pacific, has one of the largest known deposits of polymetallic nodules and deep-sea mining exploration in the area has greatly increased in the last decade. The seafloor minerals in the CCZ lie in areas beyond national jurisdiction and are managed by the International Seabed Authority (ISA), which has granted 18 exploration contracts to date (ISA, 2021). In addition, the ISA has implemented a regional environmental management plan, provisionally designating nine representative areas where mining activities will be prohibited (Areas of Particular Environmental Interest, APEI) to preserve the biodiversity and ecosystem functions across the region (Wedding et al., 2013). Yet, their effectiveness depends on several key ecological criteria, particularly the degree to which APEI community compositions are representative of mining contract areas and whether they could maintain regional connectivity in the event of mining-related habitat loss.

Connectivity is a particularly important parameter in determining ecosystem resilience, as it helps to define the ability of a system to recover post-impact (Gollner et al., 2017). Thus, connectivity studies are critical for the effective management of nodule fields targeted for deep-sea mining. Many biodiversity baseline surveys have been conducted in the CCZ (Glover et al., 2015). However, most of these have focused on surveying contract areas, which is an ISA regulatory requirement, with the APEIs remaining largely unexplored. Moreover, while most surveys have aimed to describe general patterns of biodiversity and community structure, our understanding of species ranges and genetic connectivity is still very limited. To date, only two studies have investigated genetic connectivity patterns in the CCZ (Taboada et al., 2018; Janssen et al., 2019), with data restricted to the eastern CCZ. However, larger scale studies spanning the entire CCZ and adjacent areas are obviously required to fully understand species ranges and connectivity.

Necrophagous amphipods in the superfamiles Alicelloidea Lowry and De Broyer, 2008 and Lysianassoidea Dana, 1849, could provide insight into connectivity patterns for highly mobile, demersal species in the CCZ given their ubiquity in bathyal and abyssal ecosystems (Lacey et al., 2016). Scavenging amphipods can be easily collected in large numbers using baited traps, which have been in use since 1888 (Horton and Thurston, 2014). They are highly motile, with some deep-sea species within the genus Paralicella Chevreux, 1908 showing remarkably high and reciprocal pan-Pacific migration between hadal trench populations (Ritchie et al., 2017). Many deep-sea scavenging amphipod species were previously considered to be cosmopolitan (Christiansen et al., 1990), with large distributional and bathymetric ranges, occurring in bathyal, abyssal, and hadal zones. More recently, genetic diversity studies have uncovered complexes of cryptic species within these “cosmopolitan” taxa (Havermans, 2016), revealing biogeographic patterns and bathymetric structuring within the deep sea (Havermans et al., 2013; Lacey et al., 2016).

Although scavenging amphipods are generally well studied at shallower depths (Sainte-Marie, 1992), they remain little studied in the abyssal CCZ. Two recent studies have looked into the diversity of this group, using morphological and molecular data, in contractor areas and APEIs in the eastern CCZ (Patel et al., 2020; Mohrbeck et al., 2021). In our study, the DeepCCZ expedition targeted APEIs in the western CCZ, which remains largely unexplored. During the expedition in May–June 2018, on board the R/V Kilo Moana, baited traps were deployed in APEIs 1, 4, and 7, collecting more than 5,000 specimens of scavenging amphipods. Here, the biodiversity and connectivity patterns of necrophagous amphipods within these areas, spanning approximately 1500 km, are explored. Species delimitation is performed using both morphological and genetic data, and phylogenetic relationships are inferred. Additionally, the biodiversity of assemblages from the three sites is described, and connectivity between these sites, across the CCZ, and amongst other abyssal regions is inferred.



MATERIALS AND METHODS


Study Sites, Specimen Sampling and Processing

APEIs 1, 4, and 7 are the westernmost APEIs (Figure 1), and were surveyed during the DeepCCZ expedition on board the R/V Kilo Moana in May–June 2018. Scavenging amphipods were collected using a large baited trap (∼1.2 m wide, 1 m high, 2 m long), with two PVC tube traps (10” diameter with funneled entrances; Leitner et al., 2017) inside, specifically designed to trap necrophagous amphipods. The PVC tube traps were baited with ∼1 kg of chopped Pacific mackerel (Scomber japonicus). Baited traps were deployed five times for a minimum of 22 h (22.7–47.1 h) on benthic landers at less than 50 cm above the seafloor at four different sites: APEI 1 seamount (deployment KM1808-074: 4175 m depth, 22.7 h), APEI 4 abyssal plain (deployment KM1808-052: 4872 m depth, 43.4 h), twice on APEI 7 abyssal plain (deployment KM1808-007: 4871 m depth, 30.7 h; and deployment KM1808-018: 4871 m depth, 47.1 h), and APEI 7 seamount (deployment KM1808-032: 3203 m, 25.1 h) (Leitner et al., 2017). More than 5700 specimens were collected during the four deployments (see Figure 1), but unfortunately only a single specimen was recovered from the deployment on the seamount on APEI 7. This was likely due to the large numbers of synaphobranchid eels observed at this site, with 12 individuals recovered from this trap (Leitner et al., 2021). Amphipods from each deployment were processed separately, and a total of about 850 specimens from all traps were sorted and grouped into morphospecies at sea. These sorted specimens were photographed and preserved in 80%, non-denatured ethanol. The remaining unsorted amphipods were also preserved in 80%, non-denatured ethanol. Preserved specimens were shipped to the Natural History Museum, London for further analyses.
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FIGURE 1. Map of the Clarion-Clipperton Zone indicating the Areas of Particular Environmental Interest [APEIs; (A)]. Yellow circles indicate the sites where baited-traps were deployed during the DeepCCZ expedition, with bar plots indicating the relative abundance (B) and total number of specimens collected (C) of each of the different morphospecies of scavenging amphipod recovered at each site. During deployment KM1808-32 on APEI 7, only a single specimen was recovered. The green star indicates the site where the baited trap was deployed during the JC120 expedition, and from which only a few specimens were included in this study. S, seamount, AP, abyssal plain.


An additional 36 amphipods from the APEI 6 (Figure 1), collected during the JC120 cruise on the Royal Research Ship James Cook in 2015 (Jones, 2015), were included in our genetic analyses.



Alpha-Diversity

All specimens were morphologically examined and sorted into different morphotypes using external morphological characters. Specimens were identified to the lowest taxonomic level possible, considering both morphological characters and genetic sequences. Additionally, representatives of the different morphotypes identified were morphologically examined in more detail by a taxonomic expert (TH). Taxonomic classification and authorities follow WoRMS (Horton et al., 2020b) and can be checked by following the hyperlinks in Table 1.


TABLE 1. Morphospecies and genetic species of scavenging amphipods found in the Areas of Particular Environmental Interest (APEIs) 1, 4, and 7.

[image: Table 1]Analyses were performed in R version 4.0.2 (R Development Core Team, 2017), using several packages, and all plots generated using ggplot2 (Wickham, 2009). Individual-based abundance data were used to describe alpha-diversity of morphospecies in the three APEIs. The seamount site on APEI 7 was excluded from these analyses, as only a single specimen was recovered here. Rarefaction curves were used to visualize sampling effort, and were generated using the R package vegan (Oksanen et al., 2018). Diversity was estimated as effective number of species (i.e., Hill numbers; Jost, 2006) for different orders of diversity (q), that indicate sensitivity to common and rare species, using the R package iNEXT (Hsieh et al., 2020). Diversity profiles were generated using a continuum of q values (from 0 to 5 every 0.10) to visualize the contribution of rare and abundant species in the community (See Supplementary S1). Order zero diversity (q = 0) only takes into account presence, thus representing species richness. Order one diversity (q = 1) weighs all species frequencies equally without favoring rare or common species and is equivalent to the inverse of the Shannon-Wiener entropy index. The order two diversity (q = 2) places more weight on the frequencies of abundant species and discounts rare species, equivalent to the inverse of Simpson’s concentration index.



DNA Extraction, Amplification, and Sequencing

A reverse taxonomic approach was used to improve and speed up taxonomic assignments, as well as to allow comparisons between studies for which sequences of indeterminate species have been provided. Several representatives of each morphotype were thus photographed and one or several pleopods were used for DNA extraction. DNA extraction was performed using the DNeasy Blood and Tissue Kit (Qiagen). A fragment of the barcoding gene cytochrome c oxidase subunit I (COI) was amplified for all selected specimens in order to perform single-locus species delimitation. A fragment of the genes 16S rRNA (16S) and 18S rRNA (18S) were additionally amplified for at least a single representative of each morphotype for phylogenetic inference. The PCR mix for each reaction contained 10.5 μl of Red Taq DNA Polymerase 1.1X MasterMix (VWR), 0.5 μl of each primer (10 μM) and 1 μl of DNA template. The mitochondrial COI was amplified using the LCO1490 (GGTCAACAAATCATAAAGATATTGG) and HCO2198 (TAAACTTCAGGGTGACCAAAAAATCA) primers (Folmer et al., 1994) with an initial denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 45 s, annealing at 51°C for 45 s, and extension at 72°C for 1 min, with a final extension of 72°C for 10 min. The mitochondrial 16S was successfully amplified with the universal primers 16sar-L (CGCCTGTTTATCAAAAACAT) and 16sbr-H (CCGGTCTGAACTCAGATCACGT) (Palumbi, 1996) using an initial denaturation at 94°C for 2 min, followed by 30 cycles of denaturation at 94°C for 15 s, annealing at 55°C for 30 s, extension at 68°C for 30 s, and a final extension at 68°C for 4 min. The nuclear 18S was amplified using the primers 18SA (AYCTGGTTGATCCTGCCAGT; Medlin et al., 1988) and 18SB (ACCTTGTTACGACTTTTACTTCCTC; Nygren and Sundberg, 2003) with an initial denaturation at 95°C for 5 min, followed by 30 cycles of denaturation at 95°C for 30 s, annealing at 59°C for 30 sec, and extension at 72°C for 1 min, with a final extension at 72°C for 2 min. The primers used for sequencing were the same as those for amplifications, with an additional set of internal primers for 18S, 620F (TAAAGYTGYTGCAGTTAAA; Nygren and Sundberg, 2003) and 1324R (CGGCCATGCACCACC; Cohen et al., 1998). PCR products were purified using a Millipore Multiscreen 96-well PCR Purification System and sequenced using the forward and reverse primers mentioned above using an ABI 3730XL DNA Analyzer (Applied Biosystems) at The Natural History Museum Sequencing Facilities. For each gene fragment, contigs were assembled by aligning both forward and reverse sequences using Geneious 7.0.61; chromatograms were visually inspected and ambiguous base calls were corrected manually. Sequences were deposited on GenBank with accession numbers MZ443996–MZ444014 (16S), MZ444015–MZ444046 (18S), and MZ474200–MZ474475 (COI).



Phylogenetic Analyses

In addition to the sequences generated for this study, sequences from Genbank were included in downstream analyses (see Supplementary Table 1). Sequences for COI (276 sequences generated for this study and 482 sequences from public databases; Supplementary Table 1) were aligned using MUSCLE in MEGA X (Kumar et al., 2018); with nucleotides translated into amino acids to identify pseudogenes based on the presence of stop codons. Sequences of 16S (19 generated for this study and 55 from public databases) and 18S (32 generated for this study and 32 from public databases) were aligned using MAFFT version 7 (Katoh et al., 2019) with the iterative refinement method FFT-NS-i, and unalignable regions were filtered in Gblocks server http://molevol.cmima.csic.es/castresana/Gblocks_server.html (Castresana, 2000), allowing gap positions within final blocks and less strict flanking positions. These alignments were used in three different datasets: (1) concatenated COI, 16S, and 18S alignment of a few representatives per morphotype, (2) a reduced dataset: COI alignment from a single representative per unique haplotype, and (3) complete dataset: all COI sequences. For the concatenated dataset, individual gene-alignments were concatenated in Geneious. Also, best substitution models for each partition (each marker, and each codon position for COI) were determined using PartitionFinder (Lanfear et al., 2017).

Phylogenetic trees were estimated using partitioned maximum-likelihood (RAxML v8.2.10; Stamatakis, 2006) and Bayesian inference (BEAST v2.4.7; Bouckaert et al., 2014), with the best inferred substitution model for each partition. In RAxML, the most common substitution model for each taxon was selected, with the best maximum-likelihood (ML) tree and support values estimated from 1000 rapid Bootstrap and 20 ML searches. BEAST analyses were performed with trees and clock models linked, a Yule tree model, and relaxed clock log normal. Two independent runs of a maximum 100M steps were combined after discarding 20% as burn-in. Runs were checked for convergence and a median consensus tree was estimated from the combined post-burn-in samples.



Species Delimitation

In order to estimate the number of species of scavenging amphipods collected during the DeepCCZ expedition, single-locus species delimitation was carried out (Supplementary S3). Three different methods were considered, including both distance- and tree-based approaches, because different methods are known to yield different results on the same dataset (Dellicour and Flot, 2018). Two different datasets for species delimitation were also used, the complete COI-only dataset and the reduced COI-only dataset that included a single representative per haplotype.

The barcode gap method ABGD (Automatic Barcode Gap Discovery; Puillandre et al., 2012) is a distance-based approach that separates Molecular Operational Taxonomic Units (MOTUs), hereby referred to as species, by identifying a threshold pairwise distance known as the barcode gap. ABGD was run on both full and reduced datasets, with K80 distances, default parameters for P (P = 0.001000, 0.001668, 0.002783, 0.004642, 0.007743, 0.012915, 0.021544, 0.035938, 0.059948, and 0.100000), and different values of X (X = 0.5, 0.8, 1.0, and 1.5).

Also, two different tree-based delimitation approaches were used: single-threshold GMYC (General Mixed Yule Coalescent; Pons et al., 2006) and PTP (Poisson tree processes; Zhang et al., 2013). Both tree-based approaches require a phylogenetic tree, with GMYC requiring an ultrametric (i.e., BEAST) tree to fit models of inter- and intraspecific processes and defining the limits of these. PTP does not require an ultrametric tree, as the speciation rate is modeled directly from the number of substitutions which is reflected in the branch lengths. Herein, the most conservative approach was considered, hence basing species delimitation on results from ABGD on the full dataset. However, some clusters/singletons identified by ABGD as separate putative species were nested in well-supported clades, from both ML and BI trees. These were combined to ensure all species were monophyletic. The full dataset of 758 barcodes, including GenBank sequences, was reduced to a CCZ dataset with 585 barcodes, excluding putative species delimited that were not found in the CCZ, to facilitate visualization of results.



Genetic Diversity, Population Differentiation and Connectivity

In order to investigate genetic diversity, as well as genetic differentiation, and qualitatively assess connectivity between localities, only the six species for which there were at least 30 COI sequences available were considered. mtDNA diversity metrics including haplotype number (h), haplotype diversity (Hd), nucleotide diversity (pi), and number of segregating sites (S), were estimated for each species using the R packages pegas (Paradis, 2010) and ape (Paradis and Schliep, 2019) (See Supplementary S4). Basic statistics of genetic diversity, including the analysis of molecular variance (AMOVA; Excoffier et al., 1992) and pairwise Fixation index (Fst; Weir and Cockerham, 1984), were estimated between different localities (e.g., APEIs 1, 4, 6, and 7, UK-1, OMS) using the R packages poppr (Kamvar et al., 2014) and hierfstat (Goudet and Jombart, 2020). Fst values were not estimated for Paralicella cf. caperesca 14, as two of the haplotypes differed in a single base and the other two haplotypes defined had a missing base. Genetic connectivity was visualized using minimum-spanning tree haplotype networks built using pegas (Paradis, 2010).



RESULTS

A total of 5749 specimens were captured during five 22 + hour deployments of baited traps, of which 1057 individual amphipods were captured on the APEI 1 seamount, 2399 on the APEI 4 abyssal plain site, 2292 (1801 plus 491 individuals from two different deployments) on the APEI 7 abyssal plain site, and a single specimen on the APEI 7 seamount site (Table 1). Thus, samples were collected from three different APEIs (APEI 1, APEI 4, and APEI 7) and from two different habitats (seamount and abyssal plain).


Alpha-Diversity and Compositional Assemblages

The 5749 amphipods recovered were morphologically identified as 17 morphospecies, belonging to seven families and nine genera (Table 1). Seven of these species are likely new to science. Four morphospecies were found in all three investigated western APEIs (Abyssorchomene gerulicorbis (Shulenberger and Barnard, 1976), A. chevreuxi (Stebbing, 1906), Paralicella caperesca Shulenberger and Barnard, 1976, and P. tenuipes Chevreux, 1908); three were found only in two APEIs, and 10 were found in a single APEI (Table 1; Figure 2). APEI 1 was the most species-rich area with 12 morphotypes recorded, and both APEIs 4 and 7 had eight. The assemblage composition of the three areas was highly dominated by a few species (Figure 1), with common deep-sea amphipod scavenger species dominating the communities in APEI 4 (Abyssorchomene gerulicorbis: 45%, Paralicella tenuipes complex: 25%, and P. caperesca complex: 21%) and APEI 7 (P. tenuipes complex: 75%, and P. caperesca complex: 16%). However, the seamount in APEI 1, the only seamount site with a large sample, was dominated by two new species that were also restricted to this site (Tectovalopsis sp. CCZ_229: 34%, Stephonyx sp. CCZ_220: 29%). The APEI 1 seamount site was the most species-rich, as well as the most diverse when accounting for the contribution of common and rare species using the inverse of Simpsons concentration (4.7 spp.), followed by APEI 4 (3.6 spp.), and APEI 7 (1.7 spp.). Diversity profiles for the three sites showed highly uneven communities (Figure 3).


[image: image]

FIGURE 2. UpSet plots showing shared number of morphospecies (A) and genetic species (B) species between western CCZ APEIs (APEI 1, 4, and 7) in vertical bars and total number of species per site indicated by horizontal bars.
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FIGURE 3. Diversity profile plots for scavenging amphipods in western APEIs (Area of Particular Environmental Interest) 1, 4, and 7 showing higher diversity in APEI 1 and a strong dominance of species in each community. X-axis indicates different values of q (i.e., diversity order), with y-axis indicating diversity as effective number of species (i.e., Hill numbers). Values of q = 0, q = 1, and q = 2 are indicated as this correspond to values of species richness, the inverse of Shannon-Wiener entropy index, and the inverse of Simpson’s concentration index, respectively.


There were two deployments on the abyssal plain in APEI 7, KM1808-007, and KM1808-018, with different bottom times of 30.7 and 47.1 h, respectively. The number of morphospecies recovered was higher (8) in the deployment with the longest bottom time than in deployment KM1808-007 with shorter bottom time (6 morphospecies; Figure 1, Supplementary S1). The number of specimens was also higher in the trap with longest bottom time (1801 vs. 491), and this general trend was also observed for the other deployments, except KM1808-032 (Supplementary S1) which recovered a single specimen. Relative abundance of species was very similar for both deployments on the abyssal plain in APEI 7, but P. caperesca relative abundance declined (from 26.27 to 13.1%) with increased bottom time while P. tenuipes relative abundance increased (from 64.9 to 78.1%) with increased bottom time.



Phylogenetic Analyses

In this study, a total of 239 sequences of the barcoding gene COI, with average length of 612 bp, were generated from samples from the western CCZ and 36 from samples from the eastern CCZ. Nucleotide composition was T: 36.6%, C: 18.2%, A: 26.7%, and G: 18.5. In addition, 22 and 32 sequences for the 16S and 18S markers, respectively, were generated from specimens belonging to different morphotypes to infer phylogenetic relationships (Figure 4).
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FIGURE 4. Bayesian phylogenetic tree from a concatenated alignment of the COI, 16S, and 18S genes of the superfamilies Alicelloidea and Lysianassoidea. Only highly supported nodes are highlighted, with posterior support values of 1.0 colored in white and ≥0.95 in gray.


The Bayesian phylogenetic tree showed a distinct clade belonging to the superfamily Alicelloidea, represented in the phylogeny by the families Alicellidae and Valettiopsidae (Figure 4). However, the family Cyphocarididae Lowry and Stoddart, 1997, belonging to the Lysianassoidea, was recovered within the Alicelloidea. Members of the superfamily Lysianassoidea were not recovered in the same clade. The family Alicellidae was not recovered as monophyletic, with Paralicella forming a separate clade from Tectovalopsis, Civifractura Weston, Peart and Jamieson, 2020 and Alicella Chevreux, 1899. The family Uristidae appeared also as paraphyletic, with Stephonyx and Abyssorchomene forming two separate clades. The phylogeny showed that Stephonyx is more closely related to Eurythenes (Eurytheneidae) than to Abyssorchomene. The latter appeared as a sister taxon to Orchomene Boeck, 1871 in the Tryphosidae Lowry and Stoddart, 1997 family.



Species Delimitation

Different species delimitation methods identified a different number of putative species within the 758 barcodes, being assigned to 35–131 putative species (ABGD: 35–41, PTP: 44–131, GMYC: 43–45; Figure 5, Table 2). The 239 COI sequences from the western CCZ were assigned to 29–80 putative species (ABGD: 29–33, PTP: 34–85, GMYC: 34–36). PTP performed poorly on the complete dataset, greatly over-splitting taxa. Although there was no clear barcode gap identified when plotting pairwise divergence distances (Supplementary S3), both ABGD and GMYC species hypotheses on the full dataset were similar. Hence, species delimitation was based on the output from ABGD as it was more conservative, and because a few species delimited by GMYC were recovered with low posterior values. Some clusters/singletons recovered as separate putative species were considered the same to ensure monophyly of all species.


TABLE 2. Table indicating the 16 different approaches for species delimitation considered in this study.
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FIGURE 5. Bayesian phylogenetic tree from COI-only data (CCZ dataset; i.e., 585 sequences) indicating species delimitation for the 30 genetic species found to occur in the western CCZ. Tip labels representing specimens distributed in the western CCZ are highlighted. The heatmap indicates the number of species delimitation methods that recovered each different cluster, with species boundaries considered for downstream analyses indicated on the right. Number in brackets indicates number of specimens.


Mean intraspecific divergence (K2P distance) varied between putative species, ranging from 0% (e.g., Hirondellea sp. CCZ_210) to 4% (Cyclocaris sp. CCZ_004) (Table 1). Mean interspecific divergence between species within the same morphotypes ranged from 2.19% (Eurythenes magellanicus) to 15.33% (Paralicella caperesca complex) (Table 1 and Supplementary Table 2).

In total, 30 putative species of scavenging amphipods were found in the western CCZ. Considering previously published sequences from the eastern CCZ (Mohrbeck et al., 2021), and sequences generated for this study from some specimens collected during the MIDAS expedition, 11 of the species delimited were found only in the western CCZ. A total of 36 species were found to occur in the CCZ, with 20 distributed in the eastern CCZ, 14 of those spanning the entire CCZ and 3 being restricted to the eastern CCZ (the remaining two are shared with areas adjacent to the CCZ). APEI 7 had the highest species richness (17), followed by APEI 1 (16), and APEI 4 (12) (Figures 2, 5). APEI 1, the seamount site, had the highest number of unique species (6), as well as fewest species shared with other sites. The most shared species (10) occurred between both abyssal plain sites, APEIs 4 and 7.

Several morphospecies were separated into multiple genetic species (Table 1, Supplementary S5), for which further morphological analyses are needed in order to determine diagnostic characters for each group. A few of these genetic species are consistent with previous studies. Valettietta cf. anacantha was recovered as two separate clades (Figure 6), Va2 and Va1 in Mohrbeck et al. (2021). Both lineages were also recovered in our samples from the eastern CCZ, but only Va2 (V. cf. anacantha CCZ_056C) was found in the western CCZ.
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FIGURE 6. Bayesian COI-only phylogenetic tree for the morphospecies Valettietta cf. anacantha. The two genetic clades are indicated on the right. Node posterior support values of 1.0 are indicated as black circles. Sequences generated in this study are highlighted in bold, with western CCZ labels starting with “CCZ_”.


Eurythenes magellanicus was also recovered as two separate genetic species, both found in the western CCZ (Figure 7, Supplementary S5). Havermans (2016) identified two clades, Eg4 and Eg5, within the species, plus an additional sequence (TAI-1; Havermans et al., 2013) recovered outside of both clades. In the western CCZ, representatives of Eg4 were found, along with a clade including the sequence TAI-1, but did not recover representatives of Eg5. The clade including the sequence TAI-1 includes specimens collected in the Pacific Ocean (Sea of Okhotsk: OKI-3 (Narahara-Nakano et al., 2018), and off Taiwan: TAI-1, and the western CCZ), but also a specimen collected in the Porcupine Abyssal Plain (DY077_83_B2; Horton et al., 2020a). In a recent revision of the genus Eurythenes (d’Udekem d’Acoz and Havermans, 2015), specimens from both clades Eg4 and Eg5 were included as voucher sequences for E. magellanicus, and a detailed morphological description was provided based on a specimen from Eg5. Eurythenes maldoror was also recovered as two separate clades, both collected in the western CCZ. Specimens from the clade including the holotype sequence (ArgB-7, GenBank JX887151) were thus listed as E. maldoror, and the remaining ones as E. cf. maldoror CCZ_232.
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FIGURE 7. Bayesian COI-only phylogenetic tree for species of Eurythenes distributed in the western CCZ. Genetic species are indicated on the right. Node posterior support values of 1.0 are indicated as black circles, and values ≥ 0.95 in gray circles. Sequences generated in this study are highlighted in bold, with western CCZ labels starting with “CCZ_”.




Genetic Structuring of Scavenging Amphipods

Six species, for which there were at least 30 COI sequences available, were chosen for connectivity analyses –two species within the Paralicella caperesca complex, two species within the P. tenuipes complex, Abyssorchomene gerulicorbis, and Cyclocaris sp. CCZ_004. A total of 363 individuals were included in the analyses (154 from the western CCZ), with 77 unique haplotypes found (Table 3). These species are also distributed in the eastern CCZ, and in other regions except for a single species for which the only samples were from the CCZ (Paralicella cf. caperesca 14). Several haplotypes were found in all species, with haplotype diversity (Hd) being high for all except P. cf. caperesca 14. Cyclocaris sp. CCZ_004 had the highest Hd (0.92), with 20 different haplotypes (h) found across 31 samples.


TABLE 3. Population genetic statistics for six genetic species of scavenging amphipods occurring in the western CCZ.

[image: Table 3]Minimum-spanning tree haplotype networks were constructed to visualize genetic differentiation between regions (Figure 8). No genetic differentiation was observed, with haplotypes being shared across different localities. This is also consistent with the results obtained from the AMOVA, with most of the variation being found within localities (>89.06%; Table 3 and Supplementary S4). Pairwise fixation index (Fst) also suggested there is no divergence between areas in the CCZ (Table 4, Supplementary S4), with very low values estimated for all species but P. cf. tenuipes 1. Fst values considered as significant for differentiating population (>0.15) were found between APEI 1-APEI 7, APEI 1-OMS, APEI 4-APEI 6, APEI 4-OMS, APEI 6-APEI 7, APEI 6-OMS, and APEI 6-UK-1.


TABLE 4. Pairwise Fixation index (FST) for genetic species of scavenging amphipods collected in different areas within the Clarion-Clipperton Zone (CCZ).
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FIGURE 8. Minimum-spanning tree haplotype networks for COI for six species of scavenging amphipods. Circles are proportional to the number of samples and all regions are color-coded.




DISCUSSION

With increasing interest in deep-sea mining, there is an urgent need for accurate estimates of species diversity, as well as understanding the processes generating and maintaining it, in order to inform environmental management plans. Despite the large number of scientific expeditions that have been carried out in the CCZ, only two studies have focused on necrophagous amphipods (Patel et al., 2020; Mohrbeck et al., 2021), which are important components of abyssal ecosystems. This study contributes to our understanding of the diversity, biogeography, and connectivity of bait-attending necrophagous amphipods in the CCZ and is the first carried out in the western CCZ.


Morphological Diversity of Scavenging Amphipods

The western CCZ, with 17 different morphospecies, appears to be much more species rich than the eastern CCZ. However, this apparent higher diversity could be an artifact of sampling. Although the western CCZ has sustained considerably less sampling effort, with only five baited trap deployments, sampling has encompassed a wider range of habitats (abyssal plains and seamounts), as well as larger depth ranges (3203–4872 m). Nonetheless, sampling adequacy has been evaluated using rarefaction plots for a previous study in the eastern CCZ (Patel et al., 2020), as well as herein (see Supplementary S1), with all species accumulation curves plateauing except for one CCZ station included in Patel et al. (2020). The recent study by Mohrbeck et al. (2021) included a subsample of 645 specimens and found the same species richness (10 morphospecies) for the eastern CCZ (Patel et al., 2020). Because one study was strictly morphology-based, it is not possible to determine if some of the species identified to genus level only are shared between the eastern CCZ studies. Nonetheless, both reported the same genera (Eurythenes, Paralicella, Abyssorchomene, Paracallisoma, and Valettietta), with the addition of a single species of Hirondellea only reported by Patel et al. (2020). Based on the species overlap found in the present study, it is very likely that most of the species reported in Patel et al. (2020) represent the same species reported in Mohrbeck et al. (2021).

In the western CCZ, species richness was highest in APEI 1, the seamount site, with 12 morphospecies. The abyssal APEI 4 and 7 sites had eight morphospecies each, although composition differed between the assemblages. APEI 7 was highly dominated (91%) by species of the Paralicella tenuipes and P. caperesca complexes, as reported for the eastern areas in 2015 (UK-1 Stratum B, OMS and APEI 6; Mohrbeck et al., 2021) and previous studies north of Hawaii (Ingram and Hessler, 1983). APEI 4 was dominated by Abyssorchomene gerulicorbis, P. tenuipes complex, and P. caperesca complex, differing from APEI 7 and previous findings for the eastern CCZ. Both Mohrbeck et al. (2021) and Patel et al. (2020) reported another species of Abyssorchomene, A. distinctus, to be dominant in several sites, with a westward decrease in abundance. In our study, A. distinctus only occurred in APEI 4, with 3 specimens identified. Interestingly, the most common abyssal species (Abyssorchomene gerulicorbis, A. chevreuxi, Paralicella caperesca, and P. tenuipes) were not found in large numbers in APEI 1, the seamount site, with the community dominated (∼63%) instead by two new species restricted to this site (Tectovalopsis sp. CCZ_229 and Stephonyx sp. CCZ_220).

While scavenging amphipods are easily collected using baited-traps, and trapping is the only method to collect them in large numbers, this sampling strategy is always biased (Kaïm-Malka, 2005). Different species have different chemosensory abilities, as well as different swimming speeds, which affect distance of attraction to the bait (Horton et al., 2020c). Stronger odor plumes can also be more attractive, and while these depend on currents, no correlation has been found between current speeds and relative abundance of trapped amphipods (Leitner et al., 2017). Relative abundances of different species attracted to baited traps can also be biased because some developmental stages might be fasting (e.g., brooding females) or have different diets (e.g., juveniles), therefore not attend bait (Kaïm-Malka, 2005). Very few replicated bait-trap studies have been carried out, but differences in species composition between these traps, with different deployment times and at different heights above the seabed, have suggested a possible succession of scavenging species (Horton et al., 2020c). Two baited traps were deployed in the abyssal plains at APEI 7. Morphospecies diversity was higher in the deployment with the longest bottom time, where the “rare” species Eurythenes magellanicus and Valettietta sp. were recovered in low numbers (two and one individuals, respectively). This possibly indicates a later arrival to the trap, as previously suggested (Horton et al., 2020a), indicating that collection of “rare” species necessitates increased time on the seabed. Despite the limited data with few deployments, our results suggest that abundance increases with deployment times (Supplementary S1). However, the overall relative abundance of the common species seem to be similar between the only replicated deployments on the abyssal plain on APEI 7, but relative abundances of P. caperesca decreased while P. tenuipes increased with longer bottom times. While longer deployment times seem to better recover “rare” species (Horton et al., 2020a), the dominance of new or “rare” species (Stephonyx sp. and Tectovalopsis sp.) in the seamount site is unlikely to be explained by sampling bias.

Temporal and spatial variability in scavenging communities have been linked to environmental conditions. A recent study found that compositional changes in amphipod scavenging communities in the Atlantic were related to changes in Particulate Organic Carbon (POC) flux to the seafloor, shifting between communities dominated by specialist scavengers of food-falls (Paralicella) (Duffy et al., 2016; Havermans and Smetacek, 2018) to opportunistic scavengers (Eurythenes and Abyssorchomene) that include organic matter in their diets (Horton et al., 2020c). While the differences in community composition observed in the three western CCZ sites may be driven by different environmental conditions across the three sites, the difference in species composition between the seamount and abyssal plain sites is striking, with the seamount site dominated by genera not commonly reported in the literature such as Paralicella, Eurythenes and Abyssorchomene (e.g., Fujii et al., 2013; Lacey et al., 2016).

Net primary production and POC data suggest there is a southeast to northwest gradient of declining food availability and productivity in the western CCZ (Washburn et al., 2021b); for example, APEI 1 site is considered oligotrophic (0.06 mg m-3; McQuaid et al., 2020; Washburn et al., 2021b). Despite the low food availability, the seamount site in APEI 1 had the highest diversity of scavenging amphipods. For this site, very low abundances of predators, with an overall maximum of 3 individuals of a single predator species observed in either of the two baited camera deployments, were reported (Leitner et al., 2021). The high diversity could be driven by the low abundance of predators, but could also be driven by the seamount higher habitat heterogeneity (Washburn et al., 2021a) or by its oligotrophic condition (McQuaid et al., 2020). Oligotrophy has been associated with lower abundances but higher species diversity of scavenging amphipods compared to eutrophic sites (Horton et al., 2020c), and higher habitat heterogeneity has been also linked to higher diversity. Seamounts have been suggested to be biodiversity hotspots (Rowden et al., 2010). Additionally, seamounts have been posited to have endemic faunas, while also acting as faunal reservoirs for surrounding areas (Clark et al., 2010). However, very little overlap has been reported for megafauna between seamount and abyssal plain sites in the CCZ (Cuvelier et al., 2020), with large differences in the composition of scavenging fish communities. This may indicate seamount faunas in the CCZ are distinct from those of abyssal plains. The species composition of necrophagous amphipods between the seamount and abyssal plain sites in this study differed drastically, with the seamount appearing to have a distinct scavenging fauna. Five out of the seven potentially new species identified in this study were only found in APEI 1 on the seamount. The seamount site was also the shallowest (4084 m; abyssal plain sites > 4800 m depth). While depth has been identified to structure scavenging communities (Lacey et al., 2016), it is very unlikely this explains the difference in composition since these bathymetric changes in species assemblages occur at the abyssal-hadal transition zone around 6000 m depth (Jamieson et al., 2011; Lacey et al., 2016), and the eastern CCZ sites are also shallower (∼4200 m depth). Owing to the lack of sampling in abyssal plains in APEI 1, and in seamounts in APEIs 4 and 7, it is not possible to determine if the difference in species composition and diversity is attributed to the geoform, or to different environmental conditions in APEI 1 leading to general differences in species composition from other CCZ sites (Patel et al., 2020; Mohrbeck et al., 2021).

Commonly reported species (i.e., Abyssorchomene gerulicorbis, A. chevreuxi, Eurythenes maldoror, and E. magellanicus) were found in very low numbers in our samples, in at least one of the three sites. This is in accordance with previous findings in amphipods (Mohrbeck et al., 2021) and gastropods (McClain and Hardy, 2010; McClain, 2021), suggesting that local rarity is not necessarily linked to small geographic ranges. There was also overlap of species with narrow ranges in adjacent areas. Hirondellea dubia had only been reported for southwest Pacific trenches, where it is a dominant component of the hadal scavenging amphipod community (Lacey et al., 2016). This species was found in very low numbers in APEI 4, the southwestern most APEI, closer to the likely core area of distribution of the species. Moreover, four putative new species of Hirondellea were also found. These also appear to be restricted to a single area, with three of them only occurring at the seamount site in APEI 1.



Genetic Diversity, Population Differentiation and Connectivity

Single-locus species delimitation is being more commonly used for uncovering biodiversity in remote and poorly studied systems, as it can provide a fast and accurate assessment (Glover et al., 2015, 2016; Dahlgren et al., 2016; Wiklund et al., 2017). Species delimitation was performed using a fragment of the barcoding cytochrome c oxidase subunit I (COI), which has been used in scavenging amphipods previously (e.g., Havermans, 2016; Horton et al., 2020a). In our study, it revealed a diversity greater than that estimated from morphological characters, with at least 30 species identified from barcode sequences compared to 17 morphospecies identified from external morphological characters, similar to a previous study for the CCZ (Mohrbeck et al., 2021). However, there was disagreement between the different methods for species delimitation with regard to the inferred species numbers. This has been previously reported (Rubinoff et al., 2006), and it has been suggested that estimates of species boundaries should be treated with caution and different approaches should be compared (Dellicour and Flot, 2018).

The distance-based approach ABGD is known to lump species (Dellicour and Flot, 2018) and, as expected, it inferred the lowest number of species in our datasets (35–41 putative species for the complete dataset; Table 2). In contrast, the GMYC approach (Pons et al., 2006) tends to oversplit lineages (Correa et al., 2017; da Silva et al., 2017), yet it yielded only a slightly larger number of species than ABGD (43–45 putative species for the complete dataset; Table 2). bPTP (bayesian Poisson tree processes; Zhang et al., 2013) has been found to be sensitive to different mutation rates and has been reported to produce the least accurate results in empirical datasets (Hofmann et al., 2019). In this study, the results produced using the reduced dataset, excluding redundant haplotypes, were very similar to those from GMYC (44–47 species for the complete dataset; Table 2). However, when all haplotypes were considered, bPTP greatly oversplit lineages (116–131 species for the complete dataset; Table 2), even for those in which genetic divergences were low (e.g., Abyssorchomene gerulicorbis; mean intraspecific divergence: 0.23%).

Several widespread lineages of scavenging amphipods have been identified as complexes of species using COI. While several differ morphologically and have subsequently been described as new species (e.g., Havermans et al., 2011; d’Udekem d’Acoz and Havermans, 2015; Havermans, 2016; Weston et al., 2020), cryptic lineages have yet to be subjected to more detailed morphological analyses, despite having been identified within common species such as Paralicella caperesca (Ritchie et al., 2017). The morphological characters commonly used to separate P. caperesca from P. tenuipes have been reported as not being robust enough to accurately discriminate the species (Ritchie et al., 2015; 2017), but these two species were easily separated by the conspicuous red eyes in P. tenuipes, as reported by Mohrbeck et al. (2021). However, both species were found to represent complexes of cryptic species. Mohrbeck et al. (2021) identified at least four genetically distinct clusters within P. caperesca, whereas nine (mean interspecific divergence ranging from 2.33–15.33%) were identified in this study, five of which were found in both the western and eastern CCZ and belong to three of the clades identified by Mohrbeck et al. (2021) (Pc1, Pc3, and Pc4), with Pc2 being absent from the western CCZ. It is important to highlight that some of the P. caperesca MOTUs hypothesized by Mohrbeck et al. (2021) differ from the ones in this study, with some considered in here as multiple MOTUs. This reflects differences between methods for species delimitation and highlights the need to carry out further studies targeting a larger number of genes, as well as detailed morphological studies that will provide evidence to support one of the different species hypotheses available. For instance, several thresholds for species discrimination in amphipods have been proposed, ranging from the widely used 3% (Hebert et al., 2003) to 16% (e.g., Fiser et al., 2015). Although a more recent study proposed a threshold of 7% to discriminate amphipod species (Tempestini et al., 2018), and was also used for scavenging amphipods in the CCZ (Mohrbeck et al., 2021), no clear barcode gap was found in this study (Supplementary S3), and interspecific distances were estimated >2%. There was also support for this as the different approaches considered inferred a similar number of species.

There was no evidence of geographic genetic differentiation, with haplotypes being shared across different sites in the CCZ and with other adjacent areas (e.g., Kermadec, Peru-Chile, South Fiji, Mariana, and New Hebrides trenches; Figure 8). Additionally, none of the haplotype networks showed a strong star-like pattern, with only P. cf. caperesca 14 and P. cf. caperesca 7 having a somewhat predominant central haplotype. However, the starburst pattern of P. cf. caperesca 7 is indicative of low geographic structure and might suggest rapid population expansion (Neubaum et al., 2007). Although we acknowledge that the use of COI alone could prevent us from detecting genetic geographic structuring, COI has shown similar patterns to nuclear microsatellite markers in squat lobsters (Yan et al., 2020). Thus, the lack of geographic structuring observed in the widespread scavenging amphipods included in this study might not necessarily be an artifact of COI lacking resolution, but rather the result of them being highly motile, with high levels of gene flow across the Pacific Ocean, as has been shown for a study on Paralicella spp. using microsatellites (Ritchie et al., 2017).

Available data thus currently support the hypothesis that many mobile necrophagous amphipods are wide ranging and thus could be relatively resistant to localized mining impacts, although apparent endemism (e.g., the species found in APEI 1) and/or reduced motility in select species could place them under greater threat (Havermans et al., 2011). There are very few comparable studies of other CCZ taxa, but in the small nodule-dwelling sponge, Plenaster craigi Lim and Wiklund, 2017, evidence of geographic genetic structure was found using microsatellite DNA, suggesting recolonization of this sessile species into disturbed areas may be much slower (Taboada et al., 2018). These two groups of taxa, sessile nodule dwelling P. craigi and highly motile scavenging amphipods may make useful contrasts in future monitoring studies, being functionally very different, relatively easy to collect and with potentially differing patterns of resilience to mining impacts.



Phylogenetic Relationships of Scavenging Amphipods

Our phylogenetic analyses of scavenging amphipods recovered all genera included as monophyletic. However, higher taxa were recovered as polyphyletic, differing from the current classification (Horton et al., 2020b). A finding consistent with other published phylogenies (Corrigan et al., 2014; Ritchie et al., 2015; Copilas-Ciocianu et al., 2020) was the recovery of the superfamilies Alicelloidea and Lysianassoidea as non-monophyletic. Those published phylogenies also recovered the families Alicellidae and Uristidae as polyphyletic, and while our results are concordant, they all differ in phylogenetic relationships at the family level. Most families were recovered with high support values, but there was no resolution for deeper nodes in the phylogeny, most likely due to targeting only three genetic markers (COI, 16S, and 18S), as these were the most abundant in the datasets considered for this study. In contrast, both phylogenies from Ritchie et al. (2015) and Copilas-Ciocianu et al. (2020) showed high support values in deeper nodes in the phylogeny, but showed contrasting hypotheses of phylogenetic relationships between families, possibly also as a result of choice of genetic markers and taxa representativeness. Further studies to elucidate phylogenetic relationships of scavenging amphipods should therefore consider a wider sample of scavenging genera and a much larger number of genetic markers.



CONCLUSION

This study has again demonstrated the advantages of molecular taxonomy over morphology-based taxonomy in taxa where cryptic speciation is pervasive, allowing for fast but reliable diversity estimates in poorly studied groups. However, different approaches for species delimitation yielded different results, making it necessary to contrast results from different approaches and datasets. The finding of potentially cryptic species within described, widely distributed morphospecies such as Paralicella caperesca highlights the need for detailed, integrative studies that aim to identify and describe cryptic diversity. The study also contributes to our understanding of the diversity and connectivity of necrophagous amphipods in the western Clarion-Clipperton Zone (CCZ), in particular within the poorly studied APEI regions. A higher diversity, of both morphospecies and genetic species was found from a single expedition to the western CCZ than from multiple expeditions in eastern CCZ spanning several years. Within the western CCZ, differences in composition and diversity of scavenging communities between sites on seamounts and those on abyssal plains were observed, possibly driven by habitat heterogeneity and different environmental conditions between the sites, but further studies are required to understand the drivers of the diversity patterns observed. It is critical to understand the drivers of diversity, and the potential for biodiversity reservoirs within different topographic features in the CCZ, and in the currently conserved APEI regions, to allow sustainable management of any future deep-sea mining industry.
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Morphospecies Genetic species APEI1(S) APEI4(P) APEI7(P) APEI7(S) Mean genetic
divergence (%)
Alicelloidea Lowry and De Broyer, 2008
Alicelloidea Lowry and De Broyer, 2008e
Paralicella Chevreux, 1908
Paralicella caperesca Shulenberger and 125 510 365 - 2.33-15.33
Barnard, 1976 complex Paralicella cf. caperesca 1 ) - - - 1.14+£0.27
Paralicella cf. caperesca 10 - - (1) - NA
Paralicella cf. caperesca 12 - - (1) - 0.35+0.16
Paralicella cf. caperesca 14 - - 3) - 0.08 + 0.03
Paralicella cf. caperesca 4 - - 1) - 0.00
Paralicella cf. caperesca 5 - 1) (1) - 0.00
Paralicella cf. caperesca 6 - - 1) - NA
Paralicella cf. caperesca 7 (1) (18) (16) - 0.55+0.11
Paralicella cf. caperesca 9 - 1) 3) - 0.08 + 0.07
Paralicella tenuipes Chevreux, 68 608 1726 - 3.32
1908 complex Paralicella cf. tenuipes 1 @ (6) (@) - 0.19 4 0.09
Paralicella cf. tenuipes 2 4) (11) (11) - 0.81 +£0.19
Tectovalopsis Barnard and Ingram, 1990
Tectovalopsis sp. CCZ_229 355 - - - 3.1
Tectovalopsis sp. CCZ_229 (26) - - - 0.65 + 0.26
Tectovalopsis sp. CCZ_229 2 (1) - - - 2.49 4+ 0.87
Valettiopsidae Lowry and De Broyer, 2008
Valettietta Lincoln and Thurston, 1983
Valettietta cf. anacantha CCZ_056C Valettietta cf. anacantha CCZ_056C - 22 1(1) - 0.19 4+ 0.09
Lysianassoidea Dana, 1849
Cyclocaridae Lowry and Stoddart, 2011
Cyclocaris Stebbing, 1888
Cyclocaris sp. CCZ_004 Cyclocaris sp. CCZ_004 - 183 (19) 145 (23) - 4+ 0.48
Eurytheneidae Stoddart and Lowry, 2004
Eurythenes S. I. Smith in Scudder, 1882
Eurythenes magellanicus (H. Miine 8 - 2 1 2.19
Edwards, 1848) Eurythenes cf. magellanicus ®) - - - 0.12 + 0.06
Eurythenes cf. magellanicus 2 - - (2 1) 0.3+0.13
Eurythenes maldoror 3 - - - 4.98
d’Udekem d’Acoz and Havermans, 2015 Eurythenes cf. maldoror CCZ_232 (1) - - - 0.16 £ 0.15
Eurythenes maldoror 2 - - - 0.73+0.23
Hirondelleidae Lowry and Stoddart, 2010
Hirondellea Chevreux, 1889
Hirondellea sp. CCZ_224 Hirondellea sp. CCZ_224 8(3) - - - NA
Hirondellea sp. CCZ_211 Hirondellea sp. CCZ_211 43 (5) - - - 0.00
Hirondellea sp. CCZ_210 Hirondellea sp. CCZ_210 98 (7) - - - 0.00
Hirondellea dubia Dahl, 1959 Hirondellea dubia - 3@ - - 0.41+£0.13
Hirondellea sp. CCZ_014 Hirondellea sp. CCZ_014 - - 22 - 0.49 + 0.3
Scopelocheiridae Lowry and Stoddart, 1997
Paracallisoma Chevreux, 1903
Paracallisoma sp. CCZ_241C1 Paracallisoma sp. CCZ_241CA 2(2) - - - 0.42 +£0.19
Uristidae Hurley, 1963
Abyssorchomene De Broyer, 1984
Abyssorchomene chevreuxi (Stebbing, 1906) 1 7 10 - 3.94
Abyssorchomene cf. chevreuxi - )] (1) - 0.05 4+ 0.05
Abyssorchomene chevreuxi (1) 5) 6) - 0.87 +0.19
Abyssorchomene distinctus (Birstein and Abyssorchomene distinctus - 3(@Q) - - 0.22 + 0.06
Vinogradov, 1960)
Abyssorchomene gerulicorbis (Shulenberger Abyssorchomene gerulicorbis 36 (16) 1083 (27) 41 (19) - 0.23+0.12
and Barnard, 1976)
Stephonyx Lowry and Stoddart, 1989
Stephonyx sp. CCZ_220 Stephonyx sp. CCZ_220 310 (17) - - 0.00
Total no. of specimens collected 1057 2399 2292 1

Number of specimens per morphotype is given in the same line as morphotype name, with number of specimens sequenced per genetic species indicated in parentheses.
These sequenced specimens are also included in the total number of specimens per morphotype. Mean intraspecific genetic divergence values are given for each genetic
species, while mean or ranges of mean interspecific genetic divergence between all species within each morphospecies are indicated in bold. “S” indicates seamount,

“P” indicates abyssal plain.
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Species No. samples
Abyssorchomene gerulicorbis 54
Cyclocaris sp. CCZ_004 31
Paralicella cf. caperesca 14 30
Paralicella cf. caperesca 7 80
Paralicella cf. tenuipes 1 80
Paralicella cf. tenuipes 2 88

S

7
61

2
31

7
22

10
20
4
25
6
12

Hd

0.78
0.92
0.25
0.81
0.63
0.76

0.0024
0.0051
0.0001
0.0047
0.0019
0.0072

AMOVA

Variation between
regions%

0.19
—59.77
—20.84

0.97

—1.51
-0.58

Variation between samples
within regions%

4.25
—3.11
1.50
—1.89
12.46
—0.11

Variation within
samples%

95.56
162.88
119.34
101.92

89.06*
100.69

Number of samples per species, number of segregating sites (S), number of haplotypes (h), haplotype diversity (Hd), and nucleotide diversity (w) are given for each
species, as well as the percentage of variation explained between regions, between samples within regions, and within samples as estimated from the analysis of

molecular variance (AMOVA).
*Monte-Carlo tests p < 0.05.
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Method Dataset Notes # Clusters # singletons Total

species
ABGD complete X =0.5; K80 33(22) 7(11) 40(33)
X =0.8; K80 33(22) 7(11) 40(33)
X=1.0; K80 33(22) 7(11) 40(33)
X=1.2; K80 33(22) 7(11) 40(33)
X =0.1.5; K80 29(21) 5(8) 34(29)
reduced X'=0.5; K80 29(21) 5(8) 34(29)
X =0.8; K80 29(21) 5(8) 34(29)
X=1.0; K80 29(21) 5(8) 34(29)
X=1.2; K80 29(21) 5(8) 34(29)
X=1.5; K80 29(21) 5(8) 34(29)
PTP complete Bayesian 50(27) 80(58) 130(85)
ML 52(30) 63(40) 115(70)
reduced B 34(21) 9(13) 43(34)
ML 34(21) 12(14) 46(35)
GMYC  complete single-threshold 38(27) 6(9) 44(36)
reduced  single-threshold 36(26) 6(8) 42(34)
Mean 34.4(22.9) 14.6(14.6) 49(37.5)

Number of species defined from the 758 barcodes are shown, with the number
of species defined from the 239 barcodes from the western CCZ indicated in
parentheses. Some singletons from the western CCZ were found in other areas,
hence the number of singletons in only the western CCZ can be higher than when
considering all barcodes. ABGD, Automated Barcode Gap Discovery; GMYC,
General Mixed Yule Coalescent; PTR Poisson Tree Process.
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