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Seamounts are common in all ocean basins, and most have summit depths >3,000 m. Nonetheless, these abyssal seamounts are the least sampled and understood seamount habitats. We report bait-attending community results from the first baited camera deployments on abyssal seamounts. Observations were made in the Clarion Clipperton Zone (CCZ), a manganese nodule region stretching from south of Hawaii nearly to Mexico. This zone is one of the main target areas for (potential) large-scale deep-sea nodule mining in the very near future. The Seamount Refuge Hypothesis (SRH) posits that the seamounts found throughout the CCZ provide refugia for abyssal fauna likely to be disturbed by seabed mining, yielding potential source populations for recolonization of mined areas. Here we use baited cameras to test a prediction of this hypothesis, specifically that predator and scavenger communities are shared between abyssal seamounts and nearby abyssal plains. We deployed two camera systems on three abyssal seamounts and their surrounding abyssal plains in three different Areas of Particular Environmental Interests (APEIs), designated by the International Seabed Authority as no-mining areas. We found that seamounts have a distinct community, and differences in community compositions were driven largely by habitat type and productivity changes. In fact, community structures of abyssal-plain deployments hundreds of kilometers apart were more similar to each other than to deployments ∼15 km away on seamounts. Seamount communities were found to have higher morphospecies richness and lower evenness than abyssal plains due to high dominance by synaphobranchid eels or penaeid shrimps. Relative abundances were generally higher on seamounts than on the plains, but this effect varied significantly among the taxa. Seven morphotypes were exclusive to the seamounts, including the most abundant morphospecies, the cutthroat eel Ilyophis arx. No morphotype was exclusive to the abyssal plains; thus, we cannot reject the SRH for much of the mobile megafaunal predator/scavenging fauna from CCZ abyssal plains. However, the very small area of abyssal seamounts compared to abyssal plains suggest that seamounts are likely to provide limited source populations for recolonizing abyssal plains post-mining disturbance. Because seamounts have unique community compositions, including a substantial number of predator and scavenger morphospecies not found on abyssal plains, they contribute to the beta biodiversity of the Clarion-Clipperton Zone, and thus indirect mining impacts on those distinct communities are of concern.
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INTRODUCTION

Seamounts are submarine mountains that rise at least 1,000 m above the surrounding seafloor (Pitcher et al., 2007). Seamounts are common seafloor features, with tens to hundreds of thousands of seamounts estimated globally (Kim and Wessel, 2011; Yesson et al., 2011). Seamounts are still understudied habitats, but current data suggest that seamounts with summits shallower than 3000 m are often characterized by rich benthic and demersal megafaunal communities with high abundance, high biomass, and high diversity (Pitcher et al., 2007; Morato et al., 2010; Schlacher et al., 2010). The vast majority of these features are small, deep seamounts, but these are also the least studied and least understood class of seamounts (Wessel, 2001; Kim and Wessel, 2011).

The Clarion-Clipperton Zone (CCZ), a large region rich in polymetallic nodules in the eastern equatorial Pacific between Hawaii and Mexico, is currently being considered for deep seabed nodule mining. The International Seabed Authority (ISA) is responsible for environmental management in the CCZ and to that end has established nine, 400 km × 400 km no-mining zones called Areas of Particular Environmental Interest (APEIs; Wedding et al., 2013). The APEIs were designing as a representative system of protected areas to cover the biophysical gradients in productivity, nodule cover, and depth across the CCZ, as well as to protect the range of seafloor habitat types in the CCZ, including abyssal hills and seamounts (Wedding et al., 2013). The CCZ hosts approximately 221 seamounts, whose average summit depth is 2850 m below sea-level (data extracted from Yesson et al., 2011; Figure 1). It has recently been hypothesized that these seamounts, which will be spared from direct mining activities due to the rugosity and complexity of their terrain, may provide refugia for many species from the abyssal plain displaced or disturbed by mining and thus may provide source populations for recolonization of mined areas (Cuvelier et al., 2020). A prediction of this hypothesis is that seamounts and nearby abyssal plains share a substantial proportion of their fauna. Thus far, this hypothesis, referred to throughout this manuscript as the Seamount Refuge Hypothesis (SRH), has been evaluated and rejected for benthic megafauna (excluding highly mobile groups like fishes and crustaceans) in the eastern CCZ, where only 10% of fauna were observed on both seamounts and plains (Cuvelier et al., 2020). In addition, a recent study using a multi-gene environmental DNA metabarcoding approach, suggests substantial differences in metazoan communities with limited taxonomic overlap between seamounts and plains in the western CCZ (Laroche et al., 2020). However, an evaluation specific to fishes and other mobile top predators and scavengers is still lacking.
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FIGURE 1. Map of the CCZ (Clarion and Clipperton Fracture Zones are black lines) with sampling locations. Bathymetry data is drawn from the SRMT30 + satellite-derived bathymetry dataset (Becker et al., 2009). Satellite-estimated seamount locations and summit depths are plotted with abyssal seamounts in yellow, lower bathyal seamounts in orange, upper bathyal seamounts in red, and shallow seamounts in dark red (data from Yesson et al., 2011). Current regions licensed by the ISA for mining exploration are pictured as green polygons, areas currently reserved for future mining contracts are delineated by blue polygons, and Areas of Particular Environmental Interest (APEIs), i.e., areas currently protected from direct mining are shown, in white, with APEI number indicated. The Main Hawaiian Islands and the western coast of Mexico and California are shown.


Knowledge of the distribution, ecology, and behavior of top predators is crucial to establish environmental baselines and conduct ecosystem-based management (Estes et al., 2011; Wedding et al., 2015, 2013). Even at low densities, predators can exert top-down control on prey populations, thereby controlling prey abundance, biomass, and diversity, and influencing habitat use/choice and behavior of prey (Myers et al., 2007; Polovina et al., 2009; Estes et al., 2011; Drazen and Sutton, 2017). In the CCZ, top seafloor predators are large fishes, crustaceans, and octopods, many of which are opportunistic scavengers readily attracted to baited cameras (Leitner et al., 2017; Drazen et al., 2019; Harbour et al., 2020). While these highly mobile predators are also detected in seafloor imaging transects, they are often observed in a very low (<1%) percentage of images (e.g., Milligan et al., 2016) due to their sparse distribution and avoidance of light, noise, and vibrations from survey vehicles, making baited imaging a key technique for studying the predator-scavenger component of abyssal seafloor ecosystems (Drazen et al., 2021, this vol.; Leitner et al., 2017).

Here we test the “shared-fauna” prediction of the SRH for bait-attending fauna in the western CCZ using data from two baited camera landers which were deployed a total of 17 times on three different seamounts and their proximate abyssal plains, one in each of the three western APEIs. Collectively, the DeepCCZ expedition has provided the first baited camera data from the western APEI regions. The data presented here also represent the first baited experiments on abyssal-depth seamounts. Thus, in addition to evaluating the SRH, we also report on the diversity and composition of the bait-attending megafauna and the potential importance of environmental characteristics such as seafloor habitat type and productivity in structuring this community.



MATERIALS AND METHODS


Study Site

Data were collected during the DeepCCZ cruise to the western CCZ aboard the R/V Kilo Moana in May-June of 2018 (Figure 1). All sampling took place within three APEIs: APEI 1, APEI 4, and APEI 7 (north to south, Figures 2A–C). These APEIs lie on a strong primary productivity gradient. APEI 7, the southernmost, is under the influence of equatorial upwelling with a decadal average chlorophyll-a concentrations of 0.15 mg m–3 Chl-a [National Oceanic & Atmospheric Administration (NOAA), and National Aeronautics and Space Administration (NASA), n.d.] and an estimated average particulate organic carbon (POC) flux to depth of 1.9 mg Corg m–2 d–1 (Lutz et al., 2007). The mid-latitude APEI, APEI 4, is characterized by lower surface chlorophyll concentrations and seafloor POC flux (0.12 mg m–3 Chl-a and 1.4 mg Corg m–2 d–1). The northernmost APEI, APEI 1, is in the least productive waters with just 0.07 mg m–3 Chl-a and an estimated average seafloor POC flux of 1.1 mg Corg m–2 d–1.
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FIGURE 2. Detailed multibeam bathymetry and sampling locations from three APEIs (A) APEI 7, (B) APEI 4, (C) APEI 1. Baited trap (TR) deployment locations (stars) and baited camera deployment locations [DeepCam lander deployments (DC) as squares, Tripod Camera Lander (TC) as triangles] are shown in each panel. Finer scale multibeam bathymetry (rainbow color scale) overlays coarser satellite-estimated bathymetry (blue, pixelated color scale). The “seamount zone” denoted by a 15 km buffer (as measured from the seamount ridge-line) is shown in gray. Depth contours (500 m) are shown in black. Note TC01 (the first tripod deployment) was not successful.


One abyssal seamount was selected in each APEI to test the SRH. Because these APEIs were all unmapped and unsampled prior to the expedition, seamount targets were selected from the best available satellite-estimated bathymetry: the Shuttle Radar Topography Mission (SRTM30+) 30 arc-second global bathymetry grid (Becker et al., 2009), which combines both high resolution (∼1 km) ship-based bathymetry data and ∼9 km satellite-gravity data.1 Seamounts were chosen to have elevations between 1,000 and 1,500 m above the surrounding seafloor and summits at abyssal depths (>3,000 m) to meet the classic definition of “seamount” (Pitcher et al., 2007) while still minimizing differences in community composition stemming from depth distributions. During the cruise, each seamount was mapped at 50 m resolution using shipboard multibeam sonar (see details below).

After mapping of the initial seamount target in APEI 7, additional seamount targets were selected to be as similar to the first as possible, with roughly similar summit depths, elevations, and geomorphologies. All were elongated, ridge-like features. Lander deployment locations on the seamount summits were strategically chosen to be in large, flat areas to allow for successful lander deployments. Landers were deployed in soft sediment habitats on both seamounts and proximate abyssal plains. Seamount effects on benthic larval distributions have been documented to extend 7 km away from shallow seamount summits, and possibly as far as 40 km (Mullineaux and Mills, 1997), and island effects on productivity extend up to 30 km from shore declining exponentially with distance (Gove et al., 2016). While seamount effect radius is not known for abyssal seamounts, the radius is likely much smaller given the low average current speeds at abyssal depths; thus a 15 km seamount buffer (more than twice the documented shallow seamount effect and half the island mass effect) was instituted such that all abyssal plain deployments were >15 km from the seamount summit ridgeline and well out onto the abyssal plain (Figure 2).



Data Collection

Bathymetric data was collected at 50 m resolution using the R/V Kilo Moana’s deep-water multibeam system (12 kHz Simrad EM120) at a constant ship speed of eight knots. Raw pings were manually edited in near real time with the software QimeraR. Sound velocity profiles (SVP) were taken every 6 h during surveys. Processed multibeam bathymetry was then used to find suitable lander deployment sites (large, flat areas atop each seamount) and for subsequent spatial analysis in ArcGIS 10.4.

Two baited-camera landers were used to collect seafloor imagery. The first, DeepCam (DC), is a baited, geometrically calibrated stereo-video system. Details of this system are described elsewhere (Leitner et al., 2017) but in brief, two identical cameras were mounted with an overlapping horizontal field of view at a slightly downward angle at 0.56 m above the seafloor. Geometric calibration (done using the CAL software by SeaGIS)2 provided a precise estimation of the seafloor area within the field of view that was illuminated by the system’s lights (1.86 m2). To minimize light disturbance on bait-attending fauna and maximize battery life, videos were recorded for 2-min intervals (clips) interrupted by 8-min lights-off intervals. This lander was also equipped with a Nortek Aquadopp 6000 current meter, though this instrument was lost during the ninth recovery. The current meter provided true bottom depth, bottom temperature, and current velocities. Videos from both synchronous cameras were annotated using the EventMeasure software by SeaGIS for all visible megafauna to the lowest taxonomic level possible, although only bait-attending (scavengers and necrophagivores) fauna are considered in the analysis. Identifications were made using the collaborative CCZ abyssal photographic fish guide, published as supplementary material to Drazen et al. (2021, this vol.). This guide provides an image-based identifications and ensures naming standardization across the greater CCZ region (Drazen et al., 2021, this vol.). As such, all taxa are considered morphospecies except in a few instances, where concurrent capture of specimens allowed for confirmation of image-based identification (e.g., Ilyophis arx). MaxN, a conservative relative abundance metric, was extracted for each clip and for each deployment for each bait-attending taxon (Cappo et al., 2006). MaxN represents the maximum number of individuals of each single taxon present in a single frame of a clip (clipwise MaxN) or deployment (dropwise MaxN). MaxN eliminates the possibility of double counting individuals over the course of a video, and is therefore a conservative relative abundance metric.

The second lander, Tripod Camera (TC), is a deep-sea time-lapse photography camera tripod described in Ziegler et al. (2020). Camera angle and elevation were modified to match the DC to make the two systems as comparable as possible. This lander took one still photograph every minute. Because of the horizontal camera angle and lack of stereo calibration, a precise estimate of the seafloor area in view is not possible. By comparing images between landers, the field of view of the Tripod lander was determined to be slightly smaller than that of the DC. Still images were annotated manually to the lowest taxonomic level possible for all visible megafauna, though only bait-attending fauna were used in analyses. It should be noted that species level identification is more challenging for still photos than for video, especially for the large, red decapod shrimps (known from the DC to be a mix of penaeid and aristeid shrimps), necessitating a taxa that combines the two as a single morphospecies for comparison across landers. MaxN was extracted for each deployment (dropwise MaxN) for subsequent analyses.

Both landers were baited with ∼1 kg of Pacific mackerel (Scomber japonicus), positioned 1.5 m in front of the cameras. This resulted in a complete view of the entire area around the bait package in the DC video. For the Tripod, the field of view included only the bait package and the seafloor beyond it. Deployment times for landers ranged from 12.7 to 44.2 h (Table 1).


TABLE 1. Metadata and deployment information for all lander deployments.

[image: Table 1]Finally, whenever possible given shiptime constraints, a baited trap (details provided in Leitner et al., 2017) was deployed to collect voucher specimens for morphological and genetic identification. To minimize interactions between the bait plumes of the three landers, simultaneous deployments were spaced at least 4 km apart.



Statistics

The “shared-fauna” prediction of the SRH was evaluated for bait-attending fauna (scavengers and predators) by comparing taxonomic overlap, diversity metrics, and community composition between seamounts and proximate abyssal plains at the three APEIs in the western CCZ.


Diversity and Taxonomic Overlap

In order to evaluate differences in diversity, rarified and extrapolated abundance-based Hill numbers (q = 0,1,2) were compared between habitat (seamount vs. abyssal plain) and APEI using the {iNEXT} R package (Chao et al., 2014; Hsieh et al., 2016). Hill numbers correspond to morphospecies richness (q = 0), Shannon diversity (q = 1), and Simpson diversity (q = 2). Significant differences in diversity metrics were evaluated using the bootstrapped 95% confidence intervals (CI) around the sampling curves, such that non-overlapping CI around each curve were interpreted as significant differences (Chao et al., 2014; Hsieh et al., 2016). To evaluate data coverage, morphospecies accumulation curves were also compared between seamounts and abyssal plains and between APEIs. To evaluate morphospecies overlaps across APEI and habitat type, morphospecies intersections were visualized and quantified for each station (APEI and habitat combination) using the {UpSetR} package (Gehlenborg, 2019). Taxonomic overlap uses taxon-presence data to compare how many taxa are shared between different sites. It is reported in percent overlap, in this case the percentage of the total number of observed morphospecies that are shared between sites.



Community Analysis

In order to visualize and quantify differences in community composition across all deployments and specifically across habitat types, a constrained ordination based on a Bray-Curtis dissimilarity matrix calculated from the square root transformed relative abundances (MaxN) of all bait-attending taxa (N = 20) was run using the capscale function in the R package {vegan} (Oksanen et al., 2015). Capscale performs a principal coordinates analysis (PCoA) and then uses given predictors to conduct an eigenanalysis to determine the axes along which the predictor explains as much of the dissimilarity between communities as possible (Oksanen et al., 2015). Permutations (N = 9,999) were stratified by APEI to account for the spatial dependence in the data. Significant clusters of deployments (p < 0.05) were identified using similarity profile analysis (SIMPROF) using the simprof function in the {clustsig} R package (Whitaker and Christman, 2014).

The predictors used to constrain the ordination were broad-scale benthic position index (BBPI), Lutz et al. (2007) estimates of seafloor POC flux at the drop locations, nodule abundance in the camera view, latitude, and lander type. Benthic position index (BPI), whether broad BBPI or fine scale (FBPI), is a relative position index defined as the difference in elevation between the location of interest (given as radius of cells around the sampling location) and the surrounding area (outer radius) (Modeler, 2012). Positive BPI values correspond to local high points, negative values correspond to local depressions, and values close to zero either represent flat areas or areas of constant slope (Lundblad et al., 2006; Verfaillie et al., 2007). BPI provides a continuous variable for quantifying bathymetric habitat differences. BBPI was calculated using GEBCO bathymetry data interpolated to 1 km2 with the (Mcquaid et al., 2020) PDC Mercator projection. The inner radius was 1 bathymetry cell and the outer radius was 100 cells (scale factor = 100 km). Using a coarse resolution bathymetry allowed for a single BBPI layer to be calculated across the dataset. This method successfully captured the habitat differences between abyssal plain deployments (BBPI < 25) and seamounts (BBPI > 500) in all three APEIs (Table 2). FBPI was calculated from fine-scale (50 m) multibeam bathymetry for each APEI and was standardized for comparison across all three strata. However, because of seamount deployment locations in large, flat areas surrounded by higher elevations, FBPI was similar between seamount and abyssal plain deployments and was not used as a predictor. Estimated POC flux was derived from the Lutz et al. (2007) model. POC flux was highly correlated with longitude (Pearson correlation = 0.99) and with all surface productivity metrics (monthly average Chl-a concentration: 0.84, yearly average Chl-a concentration: 0.95, decadal average Chl-a concentration: 0.94). Because POC flux to depth is a good proxy for deep seafloor food availability (Smith et al., 2008), it was included while other correlated predictors (including longitude) were excluded. Nodule abundance was roughly estimated for each deployment using pixel image color analysis for each deployment. For the most consistent and evenly illuminated portion of the field of view, the proportion of that area that was covered by nodules was calculated with an online color-extraction tool set to 5 colors and a delta of 24.3 Latitude was also included as a predictor in the analysis because seafloor depth gets deeper with increasing latitude, and depth is too highly correlated to BBPI for both predictors to be included in the same model. Therefore, while habitat related differences in depth are captured by BBPI and habitat type, latitude is used to account for this depth gradient and any additional variability introduced with a change in latitude not accounted for by productivity/POC changes.


TABLE 2. Environmental characteristics for all camera deployments.

[image: Table 2]In addition to the PCoA analysis, PERMANOVA was used to evaluate how much the community composition was influenced by each available predictor, with the adonis function in the R package {vegan}. The permutations (N = 9,999) were again stratified by APEI. Significance was evaluated using marginal tests: PERMANOVA analyses were repeated so that each predictor could be evaluated as the last predictor added to the model, since the results depend on the order of the terms. Finally, in order to understand which animals were most responsible for driving differences between habitat types, a similarity percentages (SIMPER) analysis was conducted on the dissimilarity matrix using habitat type as the grouping variable (simper function in {vegan}). The eight taxa that represent >70% of the variation in community composition were considered the most significant taxa.



RESULTS


Seamounts vs. Plains: Environmental Characteristics

A total of 17 baited camera deployments and 5 baited trap deployments were conducted (Table 1, Note, DC7 was excluded due to bait consumption on descent). All deployment locations were on soft sediment. Nodule cover varied across the three APEIs, with no manganese nodules in APEI 7 deployments. APEI 4 was highly heterogeneous in nodule abundance with nodules covering 0 to 53% at abyssal locations (mean 13%; Table 2), and with no nodules observed in any of the four APEI 4 seamount deployments. All deployments in APEI 1, both on plains and seamounts, observed nodules, with the average percent coverage at 32% (8–74%). Across all sites, there were no clear relationships between nodule cover and habitat type.

For the eight deployments for which current meter data was available (APEI 7 and 4), seamount and abyssal plain deployments had similar mean current speeds around 0.06 m s–1 (seamount mean ± sd 0.0575 ± 0.02 m s–1; plain mean ± sd 0.0675 ± 0.02 m s–1; Table 2). Although seamounts average speeds were slightly lower than plains, this difference was not significant (p = 0.65). However, maximum recorded speeds were significantly higher on seamounts (0.15 m s–1) than on abyssal plains (0.13 m s–1). Seamount sediments were rippled, bright white, and much coarser than plain sediments in all APEIs, indicating bouts of active sediment transport and winnowing. Large gouge marks (>1 m in length), which may be some sort of feeding traces, were also visible in several seamount deployments.



Seamounts vs. Plains: Diversity

A total of 22 bait-attending taxa were identified across all 17 baited camera deployments (Figure 3 and Table 3). Twelve fish morphotaxa (family, genus, or species) were observed from six families, Synaphobranchidae, Macrouridae, Ophidiidae, Alepocephalidae, Halosauridae, Zoarcidae. Seven crustacean morphotaxa were also observed including a squat lobster (Munidopsis sp.) and several types of shrimps (Period, Aristeid, and Caridean shrimps). Additionally, one genus of octopus was observed, Grimpoteuthis sp. Finally, bait-attending echinoderms were represented by the brittle star Ophiosphalma cf. glabrum, and an unidentified echinoid. At the APEI 7 seamount (DC3). One deployment (DC7) was not considered in the statistical analysis because shallow-water sharks ate nearly all of the bait before the lander reached bottom, leaving the deployment with some bait scent, but essentially un-baited for the entire duration. Fifteen taxa were observed across the abyssal plain deployments, and 22 taxa were observed across the seamount deployments.
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FIGURE 3. Twentymorphospecies seen across the seventeen successful baited camera deployments. (a) Ilyophis arx (b) Bassogigas walkeri (c) Coryphaenoides armatus/yaquinae complex (d) Barathrites iris (e) Benthiscymus sp. (f) Bassozetus sp. B (g) Munidopsis sp. (h) Asquamiceps sp. (i) Grimpoteuthis sp. (j) Bassozetus juvenile sp. (k) Halosaur (l) Zoarcid sp. 2 (m) Hymenopenaeus nereus (n) Echinoid (o) Pachycara nazca (p) Bassozetus nasus (q) Nematocarcinus sp. (r) Acanthephyra sp. (s) Ophiosphalma c.f. glabrum (t) Cerataspis monstrosus.



TABLE 3. (A) Relative abundances (MaxN) of all bait-attending fishes in all successful deployments. (B) Relative abundances (MaxN) of all bait-attending invertebrate fauna in all successful deployments.
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Rarified diversity showed that seamounts have significantly higher morphospecies richness (q = 0) than plains (Figure 4B), and morphospecies accumulation curves suggest that while abyssal plains seem to have been sufficiently sampled, seamount richness has not yet reached an asymptote (Figure 4A). Extrapolated morphospecies richness at 614 individuals was calculated to be 15.4, [standard error (se) = 2.7] for abyssal plains and 22.3 (se = 3.9) for seamounts, and CI were non-overlapping by 450 individuals. For both Shannon and Simpson diversity metrics (q = 1,2), seamounts were significantly less diverse than abyssal plains (Figures 4C,D). This is due to low evenness scores on seamounts, driven by the extremely high abundances of the predator and scavenger I. arx, identified to species from baited-trap specimens (Leitner et al., 2020; Table 3).
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FIGURE 4. Comparisons of sampling effort and diversity metrics between seamounts (blue triangle) and abyssal plains (red circle). (A) Morphospecies accumulation curves by habitat type. (B) Species richness (Hill number q = 0), (C) Shannon diversity (Hill number q = 1) and (D) Simpson Diversity (Hill number q = 2) with 95% confidence intervals (CI) (shaded areas) for each habitat type. For panel (B–D) interpolated values are shown with solid lines and extrapolated values with dashed lines.


Comparisons between APEIs (with habitat types combined within each APEI) showed no significant differences in morphospecies richness (q = 0) among APEIs, but significantly lower Shannon and Simpson diversities (q = 1,2) in APEI 7 (Figures 5B–D). The diversity metrices were lower in APEI 7 due to the extreme dominance of I. arx on the APEI 7 seamount, with MaxN for I. arx an order of magnitude greater than for all other morphospecies. Morphospecies accumulation curves for each APEI indicate that only APEI 4 approached an asymptote, suggesting that more morphospecies are likely to be found upon further sampling in APEI 1 and 7 (Figure 5A).
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FIGURE 5. Comparisons of sampling effort and diversity metrics between APEIs (red circle, APEI 1, green triangle APEI 4, blue square APEI 7). (A) Species accumulation curves for all APEIs. (B) Species richness (hill number q = 0), (C) Shannon diversity (Hill number q = 1) and (D) Simpson Diversity (Hill number q = 2) with 95% confidence intervals (shaded areas) for each APEI. For panel (B–D) interpolated values are shown with solid lines and extrapolated values with dashed lines.




Seamounts vs. Plains: Taxonomic Overlap

Seven morphospecies were only found on seamounts, including the most abundant bait-attending taxon observed, the synaphobranchid eel I. arx (MaxN = 115). Ilyophis arx dominated scavenger abundance and was responsible for the vast majority of the bait consumption on seamounts in APEI 7 and 4. Four morphotaxa (Asquamiceps, Halosaur, Bassogigas walkeri, and Zoarcidae sp. 2) were unique to the seamount in APEI 7. One morphotaxon (echinoid) was unique to the seamount in APEI 4. The seamount in APEI 1 had no exclusive morphotaxa but shared one morphotaxon (Acanthephyra sp.) exclusively with the seamount in APEI 7. No bait-attending morphotaxon was exclusively found on abyssal plains. The greatest amount of morphospecies overlap (N = 6) was found between all sites except APEI 7 seamount, which was clearly the most distinct site (Figure 6 and Table 4). Only two taxa were common to all sites, the ophidiid Bassozetus sp. B, and the summed taxonomic category of large penaeid and aristeid shrimps (a category used when distinguishing characteristics like rostrum length and shape were not visible to distinguish Cerataspis monstrosus from Benthiscymus sp.).


TABLE 4. Presence table for each bait-attending taxon in order of most widely observed.
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FIGURE 6. Intersection sizes in community composition between sampling station. Numbers of samples at each station are displayed on the bottom left bar chart. Vertical bars show intersection sizes between stations marked with dots listed along the x axis. Chart produced with {UpSetR} (Gehlenborg, 2019).




Seamounts vs. Plains: Community Composition

Seamounts have significantly different community compositions than plains (PERMANOVA p < 0.001). From the SIMPER analysis, the eight morphotaxa most influential in driving the differences between seamount and abyssal plain communities were the synaphobranchid eel I. arx (21% of the difference), the abyssal rattail Coryphaenoides armatus/yaquinae (12%), large decapod shrimp (as a general taxonomic category, 9%), the shrimp morphospecies C. monstrosus (7%), the ophidiid Barathrites iris (6%), the zoarcid Pachycara nazca (6%), and two ophidiids: juvenile Bassozetus sp. (5%) and Bassozetus sp. B (5%).

The three APEIs also had significantly different community compositions (PERMANOVA p < 0.05), and I. arx was always the most influential taxa in driving the differences in community compositions in the areas. Over one quarter of the differences between each APEI pair is explained by the relative abundances of I. arx and C. armatus/yaquinae; though for the APEI 1 and 4 pair, P. nazca (12%) accounts for more variation than C. armatus/yaquinae (10%).

Of the environmental predictors analyzed, marginal significance tests consistently found that BBPI (habitat type), latitude, and POC flux had significant influences on relative abundances and community composition (p < 0.05). Lander type did not have a significant effect. The constrained ordination with these predictors as well as with nodule abundance and lander type (not significant) was able to explain 69% of the variability in the community compositions across the deployments (Figure 7). The first two ordination axes alone explained 61% of the variation.


[image: image]

FIGURE 7. Constrained ordination of square root transformed abundance data (MaxN). Blue arrows with labels represent the biplot scores for each constraining variable. Marker shape denotes habitat type (triangle = seamount; square = abyssal plain), fill color denotes APEI, outline color denotes lander (Deepcam, black outline; Tripod, gray outline). Proportion of variation explained by each axis is in parentheses. Species names show the most influential species as identified by SIMPER analysis with a cumulative contribution to the ordination of 0.72. Circles show significant (alpha = 0.05) clusters of deployments as determined by similarity profile analysis.


Cluster analysis (simprof) found eight significant clusters of deployments, and no seamount deployments clustered with any abyssal plain deployments (Figure 7 and Supplementary Figure 1). Deployments from the two different landers, DC and Tripod, were never included in the same significant clusters; however, marginal tests found that lander type did not significantly affect the community composition (p > 0.05). The APEI 7 seamount deployments formed their own significant, unique cluster. These two deployments were part of another cluster with the only successful DC deployment on the APEI 4 seamount. These three seamount deployments were all marked by high abundances of I. arx (Leitner et al., 2021). Both Tripod deployments on the APEI 4 seamount cluster together, though separately from one the DC deployment on that same seamount. Likewise, both DC deployments on the APEI 1 seamount cluster together, while the only tripod deployment on the APEI 1 seamount was in a separate cluster on its own. Abyssal plain communities were more similar to each other than to those at their proximate seamounts, as evidenced by the cluster analysis. Seamounts host distinct communities from plains, though the differences decrease with increasing latitude such that the seamounts in APEI 1 were the closest in composition to that of the plains. Abyssal plain deployments seem to be grouped by APEI; though APEI 4 plain deployments showed a transitional community, with one deployment grouping with the APEI 1 plain cluster and the others with the APEI 7 plain cluster (Figure 7 and Supplementary Figure 1).

While the abyssal seamounts sampled here generally had higher overall relative abundances (MaxN) than the surrounding abyssal plains, this “seamount-effect” was highly taxon-specific, with some animals found at significantly higher abundances on seamounts and others on abyssal plains. The abyssal plain communities were distinguished by higher abundances of C. armatus/yaquinae, B. iris, juvenile Bassozetus sp., P. nazca, Benthiscymus sp., and O. glabrum. The abyssal seamount communities were distinguished by higher abundances of I.arx, Bassozetus sp. B, B. walkeri, total shrimp, and C. monstrosus (Figure 8).
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FIGURE 8. (A) Average relative abundance (MaxN) of bait attending fauna on seamount (blue) and abyssal plain (red) habitats with error bars represent standard error. (B) Bottom panel shows a restricted range of abundance to more clearly display differences for all taxa beside Ilyophis sp (I. arx).




DISCUSSION

The main goals of this study were to describe the bait-attending assemblage from abyssal seamounts for the first time and to test the “shared-fauna” prediction of the SRH in the western CCZ in the context of deep-sea mining for bait-attending abyssal-demersal fauna. These are mid-level and top predators, necrophagivores, and scavengers in abyssal seafloor ecosystems. From our observations, we cannot reject the SRH for the bait-attending community. All abyssal plain morphospecies were also seen on at least one seamount deployment. However, the reverse was not true. In fact, seven morphospecies were exclusive to seamount deployments. Therefore, these abyssal seamounts were found to host diverse and different bait-attending assemblages in comparison to their neighboring abyssal plains. In fact, abyssal plain assemblages hundreds of kilometers apart were more similar to each other, than to those assemblages on seamounts just 15 km away. The seamounts sampled also had different dominant fauna, with synaphobranchid eels dominating in the southern two seamounts, and large decapod shrimps dominating the community in the northern seamount. The significant differences in community structure make it unlikely that displaced animals will venture up into the seamount habitat in sufficient numbers to create and sustain viable populations on the timescales required for recovery (>26 years), even to avoid negative mining impacts such as extensive sediment plumes and reduction or elimination of infaunal and benthic prey (Gollner et al., 2017; Jones et al., 2017; Simon-Lledó et al., 2019). While highly mobile animals are often found in a variety of habitats, their core habitat, where they are naturally the most abundant, is often needed to sustain reproductive populations (Drazen et al., 2019). Moreover, seamounts make up only 0.3% of the habitat area of the CCZ (Washburn et al., 2021) and ecological research shows that a 99% habitat loss results in extinctions of essentially all species reliant on that habitat (Hanski et al., 2013; Rybicki and Hanski, 2013). Thus, protection of seamounts in the CCZ region alone does not appear to be sufficient to preserve abyssal biodiversity, even if all the mobile abyssal species can live on seamounts. Therefore, while we found no morphospecies exclusive to abyssal plains, we argue that distinct differences in densities indicate that only preserving seamounts is likely to be insufficient refuge for top predators and scavengers of the CCZ.

Often, seamounts are considered unusual habitats in the deep-sea because they provide hard substrate, which can be rare in much of the deep sea (but see Riehl et al., 2020; Smith et al., 2020). Previous works comparing seamounts to surrounding abyssal plains face two complications. Firstly, these studies mostly attempted to compare fauna at bathyal depths on seamounts to fauna at abyssal depths on plains (e.g., Christiansen et al., 2015; Vieira et al., 2018), so any difference between seamounts and abyssal plains may result from the strong vertical zonation of fauna across this depth gradient (Christiansen et al., 2015; Denda et al., 2017; Linley et al., 2017) instead of geomorphology. Secondly, most studies compared hard-substrate habitats, which predominate on seamounts, to soft-substrate plain habitats, making it difficult to distinguish a seamount effect from a substrate effect (e.g., Christiansen et al., 2015; Vieira et al., 2018). Here we specifically compared soft-sediment habitats on abyssal seamounts to surrounding soft-sediment abyssal plains, making the clear community differences between seamounts and abyssal plains reported particularly noteworthy, especially because bait-attending fauna are mobile and generally widespread. One study in the Atlantic abyssal plains for example, showed no difference in the fish communities between abyssal plains and abyssal highs with elevations less than 1,000 m (Milligan et al., 2016). However, for the same area, abyssal hills were found to have significantly higher biomass, higher diversity, and a different trophic composition for the invertebrate, benthic megafaunal community (Durden et al., 2015). Moreover, across a gradient of low relief bathymetric change within the CCZ, another study found significantly higher abundances, larger body sizes, higher diversity, and different community composition for bait-attending fauna at higher relative elevations (abyssal hills) vs. plains and depressions (Leitner et al., 2017). Finally, a recent study has found that even changes in depth as small as 10s of meters can significantly influence the benthic megafaunal community (Durden et al., 2020). Thus, a bathymetric change of 1,000 m, even without a substrate change, would be expected to affect the megafaunal community.

Cuvelier et al. (2020) and Laroche et al. (2020) conducted the only other tests of the SRH in the CCZ, and their results differ from ours in finding lower taxonomic overlap between seamounts and abyssal plains than reported here for bait-attending fauna. Cuvelier et al. (2020) used ROV video and compared the megafaunal communities, excluding fishes, of four seamounts and surrounding nodule fields and found, similar to the results here, that seamounts hosted distinct benthic megafaunal communities. However, they found only 10% taxonomic overlap between abyssal plains and seamounts. Laroche et al. (2020) also found that abyssal seamounts and neighboring abyssal-plain communities (the same locations studied here) were distinct based on eDNA sampling of sediment and bottom waters, finding only 16–19% seamount vs. plain overlap in amplicon sequence variants. Both studies concluded that the SRH was not valid for mining impacts in the CCZ due to low degrees of faunal overlap (Cuvelier et al., 2020). While we did find 7 of 22 morphospecies unique to the sampled seamounts, we found much higher (68%) taxonomic overlap between seamounts and plains. Moreover, all of the abyssal bait-attending morphospecies were also found on seamounts, though often in much lower numbers. Thus, seamounts may provide better refugia for the highly mobile scavengers/predators than for the much less mobile megafaunal deposit and suspension feeders. It should be noted that while Cuvelier et al. (2020) did have data from abyssal depths on three of the visited seamounts, all but one of their seamounts extended into bathyal depths, making these bathyal seamounts rather than the abyssal seamounts as discussed here. In addition, fishes were left out of their comparative statistical analysis due to their lack of representativity and possibly attraction to the ROV lights, although the authors did report greater fish diversity on seamounts than in abyssal nodule fields (Cuvelier et al., 2020). Laroche et al. (2020) found that fishes represented only a small fraction of the amplicon sequence variants identified, making seamount vs. abyssal-plain comparisons difficult.

Studies from bathyal seamounts in other regions, though shallower than the present work, show some similarities to our findings. Witte (1999) reported results from a large carcass experiment on a bathyal seamount summit (1,900 m depth) in the Arabian sea. High numbers of large aristeid shrimps were recorded at the bait, similar to our observations at the seamount in APEI 1. However, Witte also found a high number of macrourids at the bathyal seamount summit, which were absent at the nearby abyssal plain site, which was instead dominated by scavenging amphipods and large numbers of zoarcid fishes (Witte, 1999). Nevertheless, similar to our findings here, Witte found a distinct scavenging community at the seamount summit, though the dominant seamount taxa were different from those we found in the western CCZ. The only other baited camera data available from deep, oceanic seamounts come from Wilson et al. (1985), who studied the bait-attending community of one bathyal seamount (1,443 m) in the North Pacific. They observed halosaurs and shrimp from the genus Acanthephyra, which we find to be seamount-associated and absent from the proximate abyssal plains. Wilson et al. (1985) also observed high numbers of penaeid shrimp around the bait, as well as several morphospecies of synaphobranchid eels, though none in high numbers (MaxN = 4). Our results are also consistent with a study on the shallow Ampere Seamount in the NE Atlantic by Christiansen et al. (2015), who found large numbers of synaphobranchid eels on the bathyal slopes of the seamount. In this study only a single species (an alepocephalid) was shared between the deep slopes of Ampere seamount and the abyssal reference site.

Despite the fact that small abyssal seamounts (seamounts whose summit depths are ≥3,000 m) are the most common class of seamounts (Wessel et al., 2010), they are some of the most understudied, least explored habitats in the deep sea. The deployments discussed here, to our knowledge, yielded the first baited camera data published from abyssal seamounts. To date, seamount research has generally focused on shallower seamounts, which can be productivity hotspots, with abundant, high biomass, and diverse pelagic and benthic communities (Holland and Grubbs, 2007; Pitcher et al., 2007; Morato et al., 2010; Rowden et al., 2010; Leitner et al., 2020). This “seamount effect” is still not fully understood, but is likely due to the added habitat heterogeneity provided by the seamount structure and increased food availability due to modified hydrodynamics and topographic blocking of mesopelagic migrators (Genin et al., 1988; Genin, 2004; Genin and Dower, 2007; Morato et al., 2009; Lavelle and Mohn, 2010). Whether this “seamount effect” extends to the deepest, and most ubiquitous seamounts in the global ocean, remains uncertain, mostly due to the lack of data from deep features (Wilson et al., 1985; Wessel, 2001; Rowden et al., 2010). Evidence from abyssal hills suggest that such seamount effects may extend to the abyss, since abyssal hills can have higher detrital food availability (Morris et al., 2016; Durden et al., 2017).

Our observations provide initial evidence that this “seamount effect” can apply to abyssal seamounts in some cases. Seamounts in the western CCZ hosted higher community relative abundances than the proximate abyssal plains and had higher morphospecies richness. Moreover, our analysis showed that there are likely more as of yet unrecorded taxa on seamounts. Higher order diversity metrics showed that seamount diversity was lower than abyssal plain diversity, though this was due to low evenness, not to low richness. The extraordinarily high relative abundances of eels (in APEI 4 and 7) and shrimps (APEI 1) on these seamounts resulted in lower Shannon and Simpson diversity estimates. It must also be noted that the individual seamounts themselves had distinct communities, with each feature in each of the APEIs clustering separately. Therefore, while the communities on the three sampled seamounts were more similar to each other than to those on the surrounding plains, each seamount also had a unique community. Therefore, these abyssal seamounts enhance regional biodiversity, though the mechanisms are not yet fully clear. POC flux, a proxy for food availability in the deep-sea, was found to be a significant driver of differences in community composition (in addition to BBPI/habitat type). More sampling should be conducted on abyssal seamounts, especially on those within high productivity regimes, to examine further the relationship found here between high relative abundances on seamounts as well as high single taxon dominance and productivity.

Currently, community and diversity analyses are hampered by limited taxonomic resolution. While baited cameras are an efficient and unobtrusive method for observing abyssal fishes, scavengers, and predators, physical sampling through trawls and additional traps are important complementary sampling methods that would enable additional species level identifications (Drazen and Sutton, 2017; Priede, 2017; Drazen et al., 2021, this vol). This information is currently lacking for many megafaunal species in the CCZ, because there has been no trawling in this area. Nevertheless, ISA-mandated environmental baselines require detailed taxonomic resolution in order to be effective (Wedding et al., 2015; Smith et al., 2020). Thus, there is a need for additional complementary physical sampling at this stage.

Our results show that abyssal seamounts host distinct, morphospecies-rich, communities that contribute to the regional biodiversity of the CCZ. These seamounts may not face direct mining impacts due to their challenging terrain but, it must not be assumed that because CCZ seamounts will not face manganese nodule mining, that they will not be impacted by mining activities. Nodule extraction on abyssal plains will likely generate large sediment plumes, both at the seafloor and in the midwater, that potentially could spread over 100s of kilometers (Drazen et al., 2020; Smith et al., 2020). Nearby seamount habitats therefore could also sustain impacts from these sediment plumes. Therefore, these distinct habitats merit consideration for environmental protection and further scientific study.
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